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TO* VOLUME ir. 


OF THE EIGHTEENTH EDITION. 


The present volume completes the extension of the late 
Professor Jamieson's Advanced Text- Book on Steam 
and Steam Hmjinex to cover 1 Heat and Heat Engines." 

With the exception of the, lectures dealing with Steam 
Turbines and Boilers, which are a revised form of the 
corresponding lectures in Professor Jamieson's seven- 
teenth edition, the whole of the present volume is new, 
and an attempt has been made to give the student? 
< clear grasp of thermodynamic principles without 
embarking upon advanced mathematical and meta- 
plyysical considerations, and to give suflicient detail 
description of typical engines to enable' the student 
to. hav(T*a fair knowledge of Hie practical application 
of these principles. 

An attempt has been made 1 to enable the student 
to realise that in practice conditions often obtain which 
are left out of account in purely theoretical considerations 
of the subject, and that the word ellicient is some 
times employed in theoretical considerations without 
regard to •economic conditions , we refer particularly 
to the fact that the most kk efficient ” engine from the 
thermodynamic standpoint is not necessarily the most 
efficient one from the practical and economic stand 
point, which takes into account «ueh questions as prune 
cost, cost flf fuel, freedom from breakdown, and many 



PREFACE, c 


v-i 

other considerations of vital importance in practical 
life. 

While realising this, and thinking it necessary to 
emphasise it, we do <not wish to detract from the great 
educational and practical value' of possessing a* clear 
insight into theoretical' principles r ; we must .have these 
first, -so that, later, when we come to study also the 
practical and commercial conditions, we may form 
a perspective view oY the whole subject"’ and not be 
prevented from seeing the wood on account of the trees. 

Our thanks are due to the courtesy of the various 
firms who have been good enough to supply data ^nd 
illustrations of the engines and accessories associated 
with their names and described in detail in various 
parts of the book. 

The recent papers of the Associate Membership 
Examination of the Institution of ( -ivil Engineers have 
been incorporated by the kind permission of the Council. 

EWART S. ANDREWS. 

201-20(5 Bank Chambers, 

329 Htgh Holborn, London, W.C., 

Not ember, 1922. 
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PREFACE TO THE FIRST EDITION 


In a leading article on educational Engineering Treatises, wlrfeh 
appeared lately in a welt-known journal, the following jeniarks, 
amongst others, struck me as being very suggestive to anv 
one engaged yi the preparation of a. Text-Book for Students, 
and as well worthy of attention 

“We are convinced that all tin* instruction contained in a 
great number of the engmeeimg books already published, could 
be» printed much more simply and concisely, and also much 
more lucidly, if authors sought only to impart their knowledge 
with the greatest brevity, without thinking at all of disphnmg 
their own learning or seeking to make a thick volume 
There is too much paste and scissois work, too much book- 
making and padding nowadays ... A considerable number 
of engineering books are so learned as to be quite ovei the 
heads of most students. Many more are so verbose, so laden 
with abstruse formula', letters, and diagrams, that the solution 
of the simplest question involves hours of time that can ill be 
spared from other work. Jt is no doubt trite, that nmyy 
engineering questions demand elaborate wanting to give a precise 
answer with mathematical exactness, but m the majority ol 
engineering practice, absolute exactness of such a nature is not 
necessary, and if a useful approximation will amply suflice, and 
ft readily obtainable in some simply written book, that is the 
^>ne that will be adopted.” 

The object, therefore, aimed at in the following pages, was the 
productioft.of such a “ simply written hook " as should not be 
above the heads of my readers, but should bring the information 
desired, step by step, within their grasp. Whether I have 
succeeded in accomplishing this object, is a questym which, yf 
course, must be*<lccidcd by those competent to judge. 

It is designed to be an easy introduction to Professor 
Rankinc’s well-known treatise on The Steam Engine * and to 
Mr. Seaton's practical and highly appreciated Manual of Marine 
Engineering , both issued by the publishers of the present 
•volumy. 


ANDREW JAMIESON. 
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~ Area. 

— - Brake horse-power. 

— Bntisli 'rhcrmal Unit. 
a ( entigiade. • 

— Specific heal, at constant procure 

— Specific heat at constant \oluyie 

— (*>nst.uit 

— Diameter. 

— Diameter, draught m inches oi water. 

-- Kinetic eneigy. 

2-7J^.‘5 - expotential eoeflit lent 

--- Korce ; Pahrenheit. 

( 'oust. lilt. 
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. -- Total heat. 

— Heat at inlet. 

— Heat at exhaust. 
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Pressure, juteh. 

— jDr^hess coellicient. 
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W . = Weight. 

w " — Unit volume of water 

x , r x , etc. = Dryness coefficient. 
a — Angle. 

8 — Angle. 

Y --- c,, ~ c, = ratio of specific heats of a gas. 

// = Efficiency. 

r t„ — Air standard efficiency. 

— Efficiency of constant volume cycle using the variable 
specific heat theory. 

7T s= 31411). 

T, Tj — Absolute temperature. 

Ti Absolute temperature at inlet. 

T t = Absolute temperatme at exhaust. 

<p — Entropy. 

= Entropy of liquid 

9 , = Entropy of vapour. 

= 9 / + <pr = total entropy. 


? 



HEAT AND HEAT ENGINES 

VOL. II. 


LECTURE 1. 

ELEMENTARY thermodynamics. 

Contents. — -First Law ot Thermodynamics Second Law of Theinio- 
dynamics— Indicated and lirakc' Efficiencies of Dimmer— Laws of 
Expansion of Perfect (4 as os -Woik done in Isothermal Expansion — 
Work done m Expansion when PV" Constant- -Graphical Con- 
stmction for Expansion PV' Constant — Carnot’s Cycle -Adiabatic 

Expansion- -Efficiency in Carnot’s (hole • 1‘oversiblc Cycles- -A 
Reversible Cycle has the maximum possible Theoretical Efficiency 

1 HERMODYNAMICS is a subject which engineering students 
often lind difficult to understand , tins is probably due to the 
fact that it is built upon a foundation ol theories winch many 
lecturers have set out as fixed laws, whereas they are in reality* 
only assumptions which, as far as we are able to say at present, 
are reasonable If these assumptions are coireet, we are able 
to deduce certain results from them, these 1 (‘suits being railed 
the laws of thermodynamics The engineer's aim should be to 
follow tile, reasoning and to apply the icsults to practical 
engineering problems , the real test as to whether an engineer 
understands the theory of heat engines is whether ho can use it 
to improve .the design of engines, but the development of Ins 
imagination Tby the introduction of abstract conceptions that 
assist in the logical development of tin* theory is a matter of 
3onsiderable value which the practical engineer is apt # sometimes 
bo forget. •* 

Ffrst Law«of Thermodynamics. When heat eneujy is convened 
mto mechanical energy a definite quantify of heat goes *<>ut of 
existence for every un it of /cork done ; and eon rersely when mechanical 
energy is converted into heat energy a definite quantity of heat comes 
] %to existence for every unit of troth er pended. 

We h^ve considered this law already,* and have seen that 
See Lecture VI., Vol T 
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according to the best experimental evidence available a British 
thermal unit (pound-dogree-Fahrenheit) is equivalent to 778 foot- 
pounds; a Centigrade heat unit (pound-degree-Centigrade) is 
< equivalent to 1.4(30 foot-pounds; a kilogramme-degree-Centi- 
grade is equivalent to 427 kilogramme-metres. These quantities 
• nf their respective units are- often referred to ns Joule's Equivalent. 
> — ISecond Law of Thermodynamics. It is impossible for a self- 
acting 1 machine , unaided by any external ayeney to convey heat 
from one body to another at a hujhei tcmperalme This is the 
form of the law given 1>\ Clausius, the law has been from the 
outset a matter ol great eonti oveisv. a very valuable and inter- 
esting account of which is to lx* found m Silvanus Thompson’s 
Life of Laid Kelvin It does not present in this foim mpeh 
obvious practical meaning, but, as we will show later, the 
following ven important rule can bo deducted therefrom 

If a heat engine has an absolute inlet tcmpcratuie r L and an 
exhaust or outlet tempeuitiue t ( - , the minimum possible efficiency 
of the engine , even if it is theimally and mechanically perfect , will 
be given by 

Maximum efficiency - g uun T> Te 


. The efliciency of an engine is defined by 

Heat eonvcited into work 

hfhciencv — • • 

Heat taken m by the engine 

Indicated and Brake Efficiencies of Engines. In dealing, with 
efficiencies of heat engines we have to distinguish between the 
efficiency estimated from tin* indicated horse-pow'cr and that 
from the brake horse-power, these we will refer to as* the indi- 
cated efficiency and brake efficiency respectively. The indicated 
efficiency is of interest as indicating the proportion of the energy 
converted into work in the engine cylinder, but the brake effi- 
ciency is of greater practical importance, since it gives us : the 
proportion of the energy actually given out By the engine. In 
the case of turbines, we an? unable to measure th^e indicated 
efficiency. The mechanical efficiency of an engine Is given by 


M echani ca 1 e ffi e i on cy 


Brake horse-power 
Indicated horse-power 


Brake efficiency 
Indicated efficiency” 
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The highest indicated efficiency which* has been obtained in 
a steam engine using saturated steam is about 20 per cent., 
the corresponding brake efficiency being about 18 per cent., 
and using superheated steam .nil indicated efficiency of 37 per 
cent, has been obtained , it should be remembered that these 
are the highest results obtained undo/ the best conditions, tfifd 
that in mosA cases in practice the efficiencies obtained will be 
much less; moreover, the loss of heat in the boiler and* super- 
heater arc not taken into account About 18 percent represents 
also the highest brake efficiency obtained with steam turbines 

The highest known indicated efficiency for any heat engine 
is about 41 per cent, and was obtained by the Diesel engine, 
the # mechanical efficiency of this engine is, however, less than 
that of the best steam engines, being about 77 per cent , so that 
the brake efficiency obtained is about, 31 per cent. 

Scientific and Commcicial Efficiency Before halving this 
general consideration of efficiency, we have to lemember that 
this efficiency is only m (he scientific sense Before we can deal 
with commercial efficiency, which after all. is the final critenon 
in practice, we have to consider the relative costs of luel for 
various kinds of engines, and m comparing, say, coal-heated 
steam and oil engines \ve should express our results m pounds 
of fuel per H V -hour, and then find l fie cost of fucTat the locality 
in question. Secondary conditions, such as space and upkeep, 
have an important beaiing upon tin* piactical utility and, there- 
fore, the real efficiency , for the present, however, we will restrict 
ourselves to the theoretical efficiency obtainable under the best 
conditicfhs. 

• Numerical Example. Ill a test of a steam engine using steam 
at 141 lbs per square inch superheated to 420 ('., 9 lbs of steam 
were used *yer I II.B.-hour, the feed-water temperature being 
24° (\, and the exhaust temperature 50 C Find the highest 
efficiency possible with this engine and compare it with that 
actually obtained. 

In this case w r e*Tiave 


>/ = 


Ti* 


X 


Te 


420 — 50 370 
420 -f- 273 093 


53-4 per cent. 


The tytal heat of saturated steam per pound at 141 lbs. per 
square inch is 667 in (Centigrade heat units, the saturation tem- 
perature being 183° (■ ; the superheat is, therefore, 420 — 183 
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— 237° C., so that, taking the specific heat of superheated steam 
as *52, we have — 

Total heat of superheated steam — 667 -f -52 X 237 

= 790 C.H.U. 

Heat given up per pound of steam — 790 — 24 — 766 C.H.U. 

vHeat given up per H.P.-hour = 766 X 9 = 6,890. 

T , • . , . 33,000 X.60 

Indicated efficiency = 6 - 890 - x - 778 

-- 37 per cent. 

Laws of Expansion of Perfect Gases.- In order to study this 
second law of thermodynamics with reference to certain standard 
theoretical engine cycles, we will remind ourselves of the laws 
of perfect gases which were dealt with in Lectures XI 1. and XIII. 
of Volume I., and deduce certain additional useful formulae 
from them. 

By a combination of what arc commonly referred to as Boyle's 
and Charles’ laws, we have 

P V 

^ - constant. c (1) 

If P is in lbs. per square foot, V m cubic feet, and r in ° F. absolute, 
c = 53 -2 for air v 

Also, ..."(2) 

where C ;> = capacity for heat or specific heat of a gas at constant’ 
pressure, 

C„ — capacity for heat or specific heat of a gas at constant 
volume, 

J = 'Joule’s equivalent. 

The rfitio ~ enters into many of our equations, and is given 

Up __ ' 

the symbol y. For air and several other gases we may take 
y — 1*41 ; values for many gases are given in the Appendix. 

We will here note that the specific heats of gases vary with 
the temperature ; this has an important bearing upon 'the ad- 
vanced theory of internal combustion engines. 
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Work done in Isothermal Expansion (Temperature Constant).— 

We have seen already that the work done in expanding from 
pressure P x and volume V 1 to pressure P 2 and volume V 2 is given 
by the area 1 2 B A of the corresponding P V diagram. Con* 
sidering a narrow strip o^ this diagram, we have — 

Area of strip P d V ^ (by 1). 

j V * C T </*V 

Total area from A to B -- — . 

1 \ , \ 



If the expansion is isothermal, r is constant and c is constant, 
so that ’we say- - 

p d V 

Total area irom A to B — v r I . . 

. V 


%.e.. 


~ v r (log, Vo — log, V,) 


- c 


Vo 

vV 


Work doin' - a log, r, 


( 3 ) 


. ' Vo 

where r is the ratio of expansion 

v i 
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Work Done in Expansion when P V" = 

case we have, as before 

- Constant. — In this 

Area of strip 

P d X. 


But we may write 

, 


P V 

vr 


Area of strip 

i’] v; d v 

V" 


Total area from A to B 



r, v; <i v 
' . v" 


P, V, (\V »_ V,' ") 



1 J 

\ ' z ^ V| 

' "(i ;»> 




= l J i V, 

!■ c-:)' "! 


• (1) 



71 l 



Work done 

''i y. 

(1 r> ") 

' ’ 

• ’ ■ 

’ (5) 

but since \\ V" - 

= P, V" . 

v\ e see that 


• 

p ' v '©'^ 

- V, 




t.e., " Work done - 

1', V, 

(« 

-r.v, 

■ ij ■ ’■ 


(6) 

Also, if the gas is perfect, 

we have - 

4 


Pi v,= 

- c r, and P 2 V 2 - c r.,. 



Work done 

( t, - 

(W - 

- **) 

1) ‘ ' 


• (V 



GRAPHICAL COXSTIllVnoX FOR KXPANSIOX ^'L'rVk 7 

Graphical Construction for Expansion Curve P V" Constant. 

— Let A be any given point on the curve. Draw a line 0 B at 
any convenient angle a to the pressure axis, and draw a line 
at angle ft to the volume axis such that 



Draw a horizontal line through A to meet 0 B in*B, and draft 
B C at 45 ^ and draw a horizontal line OF through 0 then 
draw A D* vertically and draw I) F at 15 , then projecting FF 
vertically to intersect C F in F. 

Then F is a point on the required curve. 


n m BG 0(1 

Proof. Tan a = ( -~ f - (J (; - 
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1 — tan a = l 


C G 0 G — C G 


OG 


0 G 


oc 

OG 


p. 

p,' 


( 6 ) 


tan /J 

v» - V. 

' Vt 


H J) HE V, ’V, 
OH nil f V, ' 

* 1 

V 2 1(1- tan a ) " 

V _ 1 

1 (1 tan a) " 


( 1 — tan a ) " 


v 2 L __ 

^ 1 ( 1 - - tan a) " 



1 

(1 - tan a) 


R, 


[from («) ]. 


p iV'-- !> 2 v 2 ". 


, Carnot’s Cycle. Carnot ’considered an imaginary engine in 
which a perfect gas passed through a number of stages, the 
complete' sequence of which is termed a cycle. 

In thermodynamics we speak of the working substance ; this 
is the general name for the material which takes in and rejects 
heat, doing work in the process. In practice the principal Working 
substances which we have to consider are steam, coal* gas, and 
mixtures of oil or petrol vapour and air. but theoretically the 
substance might be solid. We might, for instance, have an 
imaginary heat engine consisting of a long metal rod provided 
with a~ pawl acting upon the ratchet wheel, if the rod were 
heated the pawl would drive the wheel forward and would return 
idly on the return stroke when the rod was 'cooled. Thus by 
alternate heating and cooling of the rod a continuous rotation 
of the wheel could theoretically be obtained. * 

In Carnot's imaginary engine the working substance is a 
perfect gas, and the piston and cylinder are composed of a 
material which is a perfect non-conductor of heat, except at 
the end of the cylinder which is composed of a well-cortducting 
material. 1 
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Suppose that we have two bodies, X afid Z, which are sources 
of heat maintained at absolute temperatures r% and r e respec- 
tively, and a non-conducting cover Y, the bodies X, Y, Z being, 
such that they can be selectively placed in contact with the# 
bottom of the cylinder. 

Suppose further that tTie cylinder ^contains a unit weight* *>f 
gas, the volume and pressure of which at an absolute temperature 
T i are Y a and P ff (see figure), and that the following evcle of 
operations is then performed — 

(1) Apply body X to end of the cylinder and allow' gas to 
expand, thus driving the evhnder forward until the pleasure 



is P ft and volume V/, During this expansioii the temperature 
remains constant at t u so that the expansion is isothermal. 

(2) Place the non-conducting body Y in contact with the end 
of the cylinder and allow tin* gas to continue to expand until* 
the pressure is P* and volume V, During tins expansion no 
heat can ^Kter or leave the cylinder, the expansion is said , 
therefore , to be adiabatic , and since the gas has done work in 
expanding, such work must have been taken out of the internal 
energy of the gas, so that the temperature will have fallen. 
We imagine that the expansion has been continued until the 
temperature has fallen to r e . 

(3) Place* the body Z in contact with the end of the cylinder, 
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and drive the piston Wick until a point d is reached on the P V 
diagram (or " indicator diagram," as it is commonly called), at 
.which the pressure is P (? and the volume V</ During this stage 
t the temperature remains constant at , so that the gas is com- 
pressed isolhcrmally. Tin* point d is so chosen that the. fourth 
stage will complete the cvcle. # 

(1) Replace the non-conducting body Y against the end of 
the cylinder and continue the compression It is clear that in 
this stage we have adiabatic compulsion, and since work is done 
on the gas, without any heat being allowed to csc&pc, its internal 
energy and, therefore, its temperature must rise. The point 
d will have been so chosen that when the volume is \ a the pressure 
will be P (li the gas being thus ie turned to its initial condition. 

Adiabatic Expansion. Before proceeding further to deduce 
the theoretical efficiency obtainable from Parnot’s cycle, we will 
consider the relation which must occur between pressure' and 
volume in ordoi that expansion may be adiabatic - i.e ., without 
increase or decrease of heat from or to an outside source. 

Joule proved experimentally that if a gas were perfect the 
internal energy would depend only upon its absolute temperature, 
and not upon the manner in which its pressure and volume 
had (‘hanged in reaching that temperature 
, In any operation of heatfng a substance, we must have 
Work equivalent of heat addl'd 

- external work doin' -I increase of internal energy 
Now, let a unit mass of gas at absolute temperature r l be 
heated until its temperature r 2 , and let the volume nlnain 
constant so that the external work done is zero 
Then heat added P, (t 2 - - r t ) 

.-. Since external work doin' 0, 

Increase of internal eneigy - ^ (t 2 t t ). . . (8) 

* Now, in* view of Joule's law. this must lje the measure of 
change of internal heat energy in any opeiatfon by which the 
temperature changes from r 2 to r,. *• 

In the case of adiabatic expansion, work equivalent of heat 
added 0. 

External work doin' decrease of internal energy 
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By equation (7). il the expansion ’follows the law P V n 
— - constant- 

« 

and by equation (2) , 

CV 

J (n 1) .) ’ 

l-C; C'0 Q ")-" {n " 


([/’ - |) -- (W I), 

».e., {y 1) {» - - ■ I ) 

or y 71 

In adiabatic expansion, P Constant. 

This enables us to write equations (r>), ((>). and (7) in the 
following forms . 

|» y (j . r l -v) 

Work done in adiabatic expansion * • 1 1 — — (5a) 


\Vtd :_tz\ 

(5a) 

y --- 1 


\ v, p 0 v\, 


1 ' 1 2 l 

(Oa) 

" V 1 


( T, To) 

(7a) 


We also obtain the following relation between temperatures 
and volume^ in adiabatic* expansion : 

Q . 1 > 1 V 1 P,V„ . P, /VoV 

r, r., P 2 W,/ 


T, P, V, /V.,y/ V, ,\y v 
•To. ' P 2 V, 'Vvp -Vo \\\) 


Efficiency in Carnot’s Cycle. -Referring back to the diagram 
on p. 9 for Carnot’s cycle, we have 

Work 'done = area a b g e + area <f h c h — area fd c k 

— area e a df> 
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Now, since r t is the inlet temperature and r e is the outlet 
temperature, we set* that the theoretical efficiency of Carnot’s 
• cycle is thtfi same as that which we stated on p. 2 to be the 
maximum efficiency obtainable in any heat engine. 

Reversible Cycles. — Now, suppose that we were, to reverse 
Carnot’s cycle- i.e.. if we force the imaginary erfgine to act so 
that the work diagram is traced out in the opposite direction. 
The following cycle would then occur . 

(1) Starting with an amount of working substance \ a in the 
cylinder at temperature r, in contact with the non-conducting 
body Y we allow it to expand until its temperature is r,>. 
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(2) Wc then place the body Z in contact with the cylinder 
and allow the piston to move out until the volume is V ( /. 

(3) Next place the non-conducting body Y in contact with 
the cylinder and compress the gas adiabatically until the tem- 
perature is t 

(4) Place the body X nf contact with the cylinder, and con. 
tinue the compression until the volume V fl is again reached. 
During this stage, heat will How into the body X. 

Our engine now acts as a heat pump , and it is cleai from the 
diagram that we have transferred from the cold body Z to the 
hot body X the same amount of heat as we took from the hot 
body in the previous case, and that we have expended the same 
amount of w T ork as we conveited into use in the previous ease. 

A* heat engine in winch this is possible is called a thermo- 
dynamically reversible engine, and the cycle is called a reversible 
cycle. 



A Reversible Ctycle has the Maximum Possible Theoretical 
Efficiency. — We Will next prove that a reversible cycle is the 
most elficicBt cycle possible ; we have shown that in one such 

cycle — -viz. Carnot’s — that the theoretical efficiency — - — . 2 ; 

• we shall, therefore, be able to state that . Tj 

Jhe theoretical efficiency of any reversible cycle irith absolute 

inlet temperature x % and exhaust temperature r e is equal to — — . 
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Proof. Suppose tl^at we have two engines E R and E s , the 
former being reversible and the latter not ; and suppose that 
. E n is more efficient than E u , and suppose that the reversible 
« engine in each cycle takes in its normal working an amount 
H t from the hot body and gives up an amount H r to the cold 
body, doing an amount of work (II t * H tf ). 

Then if E N is more efficient than E R , it will reqyire less heat 
- say (IT -- hy to do the same amount of work 

Now, let the two engines be coupled together so that E s drives 
E u without any frictional loss. Then since E R *is reversible, it 
will pump an amount of heat \i e from the cold body and deliver 
an amount of heat lT t to the hot body, while E % takes H t - h 
from the hot bod) and delivers JE - h to the cold body 

In each cycle, therefore, E lt will pump into the hot body more 
heat than E N takes from it, and since one engine drives the 
other, no external cneigy is used We shall, therefore, be con- 
tinuously transferring heat fiom t he cold body to the hot body 
without the expenditure of work, and this is contrary to the second 
law of (hei modymnnes 

We, therefore, see that if is impossible for a lion-reversible 
engine to be more efficient than a. reversible one. 

Summary of Argument on Reversible Cycles.- We will now 
collect together the \ annus statements that we have made or 
proved 

(1) If the second law of thermodynamics is true, a reversible 
cycle is the most efficient, cycle possible for a heat engine. 

(2) In one reveisible cycle -viz., Carnot's imaginary cyple - 
the thermal efficiency can theoretically be equal to 



where r t — absolute inlet temperature, 

T 0 — absolute outlet temperature. 

4 (3) In eVery reversible cycle, therefore, the highest possible 

thermal efficiency is given by the above equatio*n. 
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Li.< ti itn 1. -Qi i,srire\>. 

1. Fnxl the absolute zero of tempeiature fiom the following data 
Under a pressure of 2,1 10 4 lbs. per square loot and at 4 J F.. the volume 
of 1 lb. of air is 12-387 cubic leet., u-lule at KM F it is 14 2 cubic leef 
An$. — 461° F 

2. If 1 11). ol air does 31)0 (i It -lbs of work without reeeiv me oi rejecting 
any heat, what will be its fall m temperature v ■. An ' 3 F 

3. A quantity of mis occupvmv 01 cubic leet at a temperature Off F 
is compressed isotheimallv to of its \olume It is then tooled at. constant 
pressure. Find the volume of the mis when the tempeiature has boon 
lowered m this way to 32 ’ F. In s 2 03 cubic leet. 

4. # One lb. of an is compressed to two at mospheies pressure, the tem- 
perature bom*; 20 (’ , what is its volume v It receives heat oneigv 

equivalent to 1,000 ft -lbs , its volume remaining constant ; tnid its new 
pressure and temperatuie The specific heat ol air at constant pressure 
is 0-238. Ans. (it) 73 < ubic leet , 1 1 "> at mospheies, 20 G. 

5. Gas is compressed adiabatic, d!\ to p, of its volume. II the onginal 
tomporaturo is 10° G , and 7 I I, find the final tempeiature Ins. 
455° a 

0, What is meant b} the teim ’ icveisible ” as a])ph(-d to a limit engine , 
piove that when working between two viveu temperatures no ermine 
can bo more efficient than a reversible engine What is the highest possible 
efficiency of an online with inlet tempeiature 323 F. and outlet tem- 
perature 120° F. A ns. 23 3 percent. 

7. If a steam engine is woiked between 320' F. and 100 I-', ,uul the 

irtio of its efficiency to that, oil the Uainot. rv f -le is 33, how manv 1 ». r I 1 h. I r 
would it require per horse-powei pm- muiule ' In*. 27 1 KTh.G 

8. Gompressed air at 120 ll»s. pci s<jua i o inch absolute 4 is diawn into 
a cyluidor, and is then expanded to 0 tunes its ouginal volume. Determine 
the mean* absolute pressure (a) if the tempoiatuie is constant, (b) il fhe 
cylinder is jiou-conductmg and 7 I 408 II the initial temperature is 
70£ F., find the final temperature m the latti-i ease. J»«. (a) 33-8 ll>s 
porequare inch ; (6) 43 4 lhs pei square inch ; lmal tom]>c!ature, 203 f F 

9. An engine uses 10 lbs. of steam pci minute, the feed tempeiature 
is 60° F,, tho Tinier temperatuie 300 F., and that ol the condenser 104^ l 1 '., 
what is the theoretical maximum efficiencv of tho engine ' Find how many 
heat units have been used ]>er minute and what horse power would be 
developed if tho engine wore a perfect one. An s- 23 8 per cent. ; 11,400 , 
B.Th.U ; 69 14. Lb ^ 

10. Tho volunro ot 1 lb. oi air at 0 C. and l atmosphere pressure is 
12-4 cubic fc^t ; what will it he at 2( at mospheies and 130 G. if It it 
receives heat eiffirgy equivalent to 300,000 loot-lbs. at constant volume, 
what will bo tho new temperature and pressure, given that tho specific 
heat of air at constant pressure is 0 238 ! An*. 7-2 cubic leet ; 77 atmo- 
spheres; 831° G absolute. 
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1. Define the following tmmx W^Specihj* heat o! a yas at eonntant 
vMume , adiabatic expansion, latent heat ol e\ apor.ition , total lioat 
ot a salinated vapour ; lioat- ol a liquid. State the lelati^u existin': be- 
tween tfie last tin ee t <' i ms 1 o i the same liquid 

2. What is meant l>\ a ie\ei -able e\ele and hy an imneisiTik* cycle? 
Which poitious ol the ovclnol an actual simple steam eimme are urever- 
sible ? 

,‘h One pound ol an is lompiesstd adiabatic, ill) to one louitli of its 
oiiLMiial \oliinie tabulate the tempiuatuie icaelud, takme the initial 
tom |)emt ure at (ill K and // I I llms mam li Th l 1 must be removed 
from the (oniptessed air m oidei t-liat it- ma\ be cooled to the onyynal 
tompeiatuie. without ehanenu; it s i om piessed \olume v C - 0 17. 

t Oblam the usual expulsion jot t Ik* adiabatic expansion ol a pel loot 

5. What is meanl. m tluu mod\ namics, b\ the tcinis “ rev eisible ” and 
“ ine\ eisiltle " opeial mils 1 Show Unit, within t lie same tempoiaturo 
limits, no interne can be moio oilieient than a icveisible eiiume. 

(i Stati' thi‘ hr, si and second laws <>| tluumoduiamies, and prove by 
then means that- onlv a pcrcei’tane ol the heat supplied to a hi at engine 
can In i on \ oi led into woi k 

7 How would \ou calculate the heat expended ill external woik during 
the expansion of ,i eiven \o|iiine ol a peifect o.is aeeordnu: to the law 
PY" const, ml*, il the initial and Imal lempeialures o| the eas, the value 
ol tin' (oiislant, and I lie speeilu heals at constant |uessuio and constant 
volume weie known ' State Ihe equation- \ou would use, and show how 
these are demed liom the lumlamental piopeities ol piulect yasi's 

8 What is meant bv a ie\ el. sible beat, einime ' luild <ui expiessmn 
ioi tin' ellieiem \ ol a heal eiiLUiie vvoikiiqi on t)ie t'ainot e\ele 

1) Show that, tin a peileil eas, tin* difli'iem e between the specific Wats 
at- constant piessiiie and constant volume is eipial to the wiyk done in 
laismir the cas 1 m tempeiatuie. lienee show that, il the absolute tem- 
poratuio and pu'ssuie ol a e.is ,ue known, its \olume is also known. 
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ENTROPY. 

Contents. — D efinition ot Entropy- Enlrops and Adiabatic Expansion — 
Temperatu re- Entropy Diagrams ( 'mint's, Cjclo Jioin tlie Entropy 
Standpoint -Temperature - Eutiopy Diagiam tor Steam -Unit', ot 
Entropy, the Rank --Dryness after Adiabatic Expansion Entiopy 
Diagram tor Superheated Steam Constant Volume Janes on tfio 
Entropy Diagram tor Steam Xumeueal Examples - Clapey ion’s 
Equation for the Relation between \olume and 1’iessum ol Saturated 
Steam — Questions. 

We come now to considei a iheimal quant it \, to which t ho name 
entropy has been given, which has been the i ause ot great con- 
troversy among exponents ol t hei mod\ nanues, and which 
usually presents consideiablo dillieulU to pi.ietieal enginceis 

Before attempting to define the qiianlilv, we will point out 
that one, if not the principal dillieulU in the mailer is that 
entropy is an abstract conception that we cannot express m 
very familial units, in this iespe< I i< bcais some iesemblunee 
to moment of inertia We shall piolubK find that we shall 
do well to attempt to undeistand sonic ol tin* piopcitics of 
entropy rather than tiy to undeistand completely the definition 
of it. 

• ' 

. — Definition of Entropy.- If a s mull quantity of heat <) II is 
added to o*' taken ftom a hotly irJuise absolute Imipeiature is r, 

the quantity ^ ^ is called the < fuuuje of entiopy of the body 

• T 

If we wish to obtain a mcasine ol the lolu I entiopy possessed 
by a body in a given (ondition, we must hist agiee upon a zeio 
or starting-point Wo will follow the usual pi a< lice, of taking 
the freezing point water viz ,0 C 01 ‘52 F as the starting 
point. • 

If we now T divide the stages by wduch the substance has attained 
its given condition into a lame number ol parts, over each of 
which the temperature may he regarded n« constant, and divide 
thp change of heat m each stage by the corresponding absolute 
temperatifre, w T e can add the separate results together to obtain 
a measure of the entropy of the substance m the given condition. 
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The symbol <p is used to indicate entropy, so that we can 
express m mathematical language the addition of separate 
parts referred to above as 



dtp' dll 


( 1 ) 

( 2 ) 


Entropy and Adiabatic Expansion. \\V ha\e aheadv seen that 
in adiabatic, expansion o( a substance then* is no change in tlie 
quantity ot heat (onlamcd in the siibsjanee it follows, tlieie- 
foie, that m adialutie expansion tlieie is no change ot entropy 
For this reason some writers ha\e (ailed adiabatic expansion 
wntropic expansion othcis ha\e used this insult as a foundation 
foi tlieir 'delinit ion ol cntiopv b\ stating t li.it cntiopv is that 
thermal piopeit\ ol a substance which remains constant m 
adiabatic expansion This definition is not one that we ic 
commend, since entiopx is not the onl\ <piantit\ which remains 
constant during adiabatic expansion Wc might as well define 
the temperature of a liquid ns that < j uant it \ which remains 
constant while the liquid boils. 

Temperature-Entropy Diagrams. Suppose that we plot a 
diagram with absolute leinpei.it utes as ordinates and entropy 
as abscissa', as shown on the u< eompan\ mg tiguie. and we take 
two points, F, Ik, \ei\ neat to ea< h other on tin' diagram Then, 
ll we draw ordinates F, N, Ik Nk, we see that N, N 2 change 
of entropy between F, and Ik d q . now t In- area u«f this 

shaded stup N, N, ^ ' 1 ^ 1 k) ' “ d (f r, if*i\ and 1* 2 

ate sufficiently close together loi the change' of temperature 
to be negligible compared with cithei temperature. 

Aieaofstup () (j t dll change of heat. 

Since we may dmde up the whole diagram m this manner, 
and the area of each strip will iepiesent the corresponding 
change of heat, we see that the <nea of an entropy duupam iepre- 
nents ehaitye of heat that in, (juantity of heat yarned or lost. 

Carnot’S Cycle. Now let us diaw the temperature-entropy 
(Try) diagram for an liuaginan engine working upon Carnot’s 
cycle (see p. 2) _ v 

It is clear that since tempeiatuie lemams constant in isothermal 
expansion, the corresponding poi turn o/ the rq diagram will 
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be a horizontal straight line ; also that corresponding to adiabatic 
expansion, during which entropy is constant, will be a vertical 
straight line. The student should have no difficulty in follow^ 
these statements if he refers to the accompanying diagram. 

During the first stage, therefore (isothermal expansion), of 
Carnot’s cycle, the x tjp diagram passes Horizontally from a to > ; 
during the next stage (adiabatic expansion) it pass£3 vertically 
from b to c , during the third (isothermal compression) the 
diagram passes horizontally from c to d , and the diagram is 
completed by the vertical d a corresponding to the final adiabatic 
compression 

From a study of the diagram we see that 

Work or energy put in = area a bfr - x t X A ( P- v 

,, returned - area cfed — x e X A 

,, done by engine - -■ area a bed (r, — xA A ( P- 

. . Work done 

Efficiency of imaginary engine — — 

1 J ^ J work put in 

( Ti T f ) A y 

t i /\ V 


t.e., ' " (2) 

T, 

This agrees with the value which we obtained previously. 

Temperature-Entropy (ry-) Diagram for Steam. Suppose that 
we start with a pound of waiter at freezing point, the temperature 
of which on the absolute scale we will call r 0 , and generate stlani 
at a temperature x v the pressuie remaining constant. ,We have 
already seen in Volume l that the temperature of the water 
will rise gradually to x v the heat that has been added being 
called sensible heat, and that the temperature will then remain 
constant until we have added a further amount of heat equal 
to the Latent Heat L x at x l , we then have a pound of steam at 
temperature* iq. 

The increase of entropy during this period may be considered 
as made up of two parts, viz. . - 

* (l) Increase of entropy of water = A <7Y 
(2) ,, in changing water to steam = /\<p 2 

T ' d Q ' 

Now A (Pi ~ 2 ~ 
r 0 t 
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If the specific heat of water is constant and equal to 1, since 
<)Q = specific heat X (5 r, we see that 

Tl * T 

A " - r • 

• r o 

If this summation be effected mat hcmaticallv by aid of the 
integral calculus, we have 

„ i T « (It 

Ar, 1 T j . 

-Inf-, T| . . . . (3) 


. • 


Y 



Ore J K M 

entropy * y 

• • 

Also, since the temperature dining boiling is constant and equal 
to Tj, wejkave- 

* • v , <3 Q 1 v c n 
Aft- T =r - <5 Q 
T 1 T 1 

— —(sum of heat increments during boiling) 


( 4 ) 
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Increase in entropy of steam over that of water at freezing 
point 

° - : A 7 i H~ A Hi log* ^ ; Jj ’ . • (5) 

"But if we agree to call tin* entiopy ol watei at freezing point 
zero, the increase of eniropv ol watei at r, becomes equal to 
the ent/opy of water at r 1? and the inciease of entropy of steam 
becomes equal to the ent/opy ol steam at so that we have- - 


Kilt-ropy of watei at r, <j\. 



. ( 6 ) 


steam a I r j 



L, 

T i* 


• (7) 


Corresjiondmg to these, we can plot points A and J> on a 
diagram. 

Similarly, if we took anv other tcinperaturc T v we should 
obtain corresponding points (' and I), II C beim> e(pial to 

log,, r<1 and CD equal to J \ 

T 0 t .> 

In this way we can obtain any number of points cm responding 
to C and I), and on joining them we shall get two curves 0 0 A 
and B I) M, called the Water and Steam Boundary Curves. 

A point between tin* two curves represents steam m a “ wet” 
condition, a point on the eui\e B 1) M represents steam in anlrv 
saturated condition, while a point outside flit* curvy B D M 
represents steam m a superheated condition The wet and 
saturated conditions we will consider later An nit ropv diagram 
to scale for steam is given below, tins is repiodn<;cd fiom a 
diagram issued bv 11 M Stationen (Mliee which students aie 
recommended to obtain 

<r Units of Entropy : the Rank. We will now consider the units 
in which entropy is to be measuied 

It will be noted that the unit is of the order 

temperature 

and since the heat units on the Fahrenheit and Centigrade 
scales bear the same ratio to each other as the absolute tempera- 
tures on these scales, we see that the entropy will have the samev 
numerical values on the two scales There is no universally 
agreed name for units of entropy, but Professor Perry has sug- 



I' NITS tn KM lion 


THKJMXK * 'J,5 

gested the name Rank, in eommemoiation ot tin' great con 
tributions of the lafe I’rolr^oi Rankme to thermod\ naimos, 
and we will adopt that toim 

It will, of con i so, he undeistood that the piopeitios of steam 4 


rtMPER*Tunt 


TTTdrhih 1 1 tin 1 1 f i i jIlLI : 


^qmiimLijiii!jinriT nTTiTTT;riT TTni iffiinn r ; 


r 1 1 Hiijtiliiitrt] frlriiiir 
.p Minifiiuimiiniipirtnrq 
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vary slightly according to various authorities, and that the 
tabulated values of entropy of water and steam at various 
temperatures will vary correspondingly. Some authorities, for 
instance, have calculated the entropy of water based upon the 
slight variation in the specific heat of water found by Callendar 
£nd Barnes. d 

Numerical Example. Take, for instance, dry saturated 
steam 'at 200 lbs per square inch pressure absolute. From the 
tables on pp. 88, 89 of Vol. T. we have on the Fahrenheit scale 
e : - 381 7 F. and L 843 8 B.Th U 

r 381-7 I 1!V. M 810-8. 

810 8 813 8 
T lo 8 r « |p|.j 1 810-8 

843*8 

2-3 (logn, 810-8 - logm 191 -1) -j- 

•537 i 1-003 

1 510 Banks. 

On the ( Vntigiade , scale \\e shall lia\e t 19-1-3' ('., r 194*3 
•f 273 1(57-3 C , and L 1(>8 8 (' II V. 

, 1(17-3 1(i8-8 

71 273 ! 1(17-3 

- -537 I- 1-003 

— 1-510 Banks. 

This example illustrates our statement that the numerical 
value of the entiopy measure above the freezing point of water 
is the same on the Fahrenheit and the Centigrade, scales. 

Dryness after Adiabatic Expansion. Suppose that we start 
with steam at temperature r { and dryness coefficient q x and 
* expand it ediabaticall v until the temperature is r 2 ; we wish 
to ascertain the dryness of the steam after expansion. 

We have seen already m Volume I. that if steam lias a dryness 
coefficient or fraction equal to q v then in 1 lb. of wet steam 
there are q x lbs. of dry steam and (1 - * 7,) lbs. of wet steam; 
we may, therefore, assume that the latent heat of the wet steam 
is q 1 Lj per pound. If, therefore, we take a point b on the,entropy 

line a c such that -- q ; i.c., a b ----- - b will represent 

( tC Tj 
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the entropy of 1 lb of steam at teni])erature r ^ and dnness 
coefficient q v 

If we now expand the steam adiabatically to temperature 
T v the corresponding change in entropx diagram will lie lepre- 
sented by the vertical limb be, and the diyne-s q, at this tem- 
perature will *be given bv tin 1 i at 10 ^ f 

For purposes of practical eahulation. we ma\ eithei pioceed 
as graphically above, using the < ha 1 1 lvproduced upon p 2d, 
upon which lines will be noted coirespondmg to \ allies of q 
from 0*1 to 0*9, or else emplo\ tin 1 formula, which \\r will now 
derive from a consideiation of t lie tempeiature diagram 



*d e - 

dk - 1 ke dk f ah - dh 7l 

T i 

N6w d k - 

- oj o p log, 1 log, ^ 

- 

H>ge Tl log, T„ - (log,. T 2 h)g, T 


log, Tj log, r 2 log, Tl 

d e 

He 

f • T 2 1 1 

but d e - 


We, therefore, obtain the following formula - 


- log, T| + ' h L ' . 
r 2 ^ T u r T 


( 8 ) 



Entropy Diagram for Superheated Steam. Now, suppose we 
have steam that is generated at temperature t and is then super- 
heated by a temperature t , the pleasure remaining constant 
during the process of superheating. 



Suppose that' (' v , t he specific heat oi supei heated steam, is 
constant ' during the pound oi supei heat mg Then t lie eirtropy 
will increase in tins penod m manner indicated by, the curve 
hr, and the increase oj entropy rf will be given )>v * 


=■ 



, d r 



In tlie diagram reproduced on p 2d there will he noticed a 
‘number ok curves eonesponding to be on the right-hand side 
of the Steam Boundarv Ourve 

Constant Volume Lines on the Entropy Diagram *for Steam. - 

Oil tin* diagram icprodueed upon p. 2d will be found a number 
of curved lines corresponding to 2 0 on the above diagram, the 
volumes in cubic feet per pound of steam being written against 
them. / 

* >Seo Table on p. 57 of Vol. 1 for the vauation of this quantity obtained 
from Mollier’a losoarehos 
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To draw these lines approximately, we ma\ proceed as follows 
— Take, for instance, the euive corresponding to a volume of 
2 cubic feet per pound From the steam tables ascertain the 
absolute temperature corresponding to tins speeiiic volume, 
and draw; tin 1 corresponding line b 2 2 upon the rq diagiam. 

Draw similar lines bo, 0 4 1, b-5, »it<* , upon the diagiam, • 
and make b . a*. - § bo, b x a A \b lX l b 7t aj r 5-5, and so 

on Then bv joining up the points 2. a u, etc , we obtain the 
constant volume line 



Numerical Examples. (1) .1 pound <>) nain at 150 (' i* < on- 
verted into dry s atumted steam, it o then ii pawled so that it 
always maintains the dnj s atinabd < omlihon until the tnnpnaturc 
is tOO" C. What is the i no case in enhopa dinnuj the erpanswn ? 

If we refer to an •indicator diagiam ue shall see I Inft during 
expansion under thV abo\(‘ condition the entmp\ diagram will 
follow' the steiun boundary line 

• Increase of entropy per pound uitiopy at 

150° 0. — entiopy at 100 0 I 71 1 -f»2 -12 Hank 

(,2) Wet •steam at .380" F havnuj a dtyness coefficient equal to 
•75 is expanded adiabatically until the tonpeuitvre is 210" F 
What will be the dryness coefficient at the end of the expansion ? 
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We make a tracing of the relevant portion ABED of the 
temperature-entropy chart, and make AC = '75 AB, and then 
draw CF vertically to meet DE in F. 

DF 

Then dryness coefficient after expansion — — *695. 



Clapeyrons Equation for a Relation between Volume and 
Pressure of Dry Saturated Steam. Suppose that we have, an 
imaginary steam engine, working on the Carnot cycle between 
temperature limits which differ by a very small amount ’<5 T, 
the mean temperature being r. Then if a unit mass of material 
is used, the indicator diagram will be as shown* V being the 
volume of a unit mass of saturated steam and ir that of water. 

A B represents the isothermal, during which water changes 
into steam ; B 0 the adiabatic, during which the temperature 
drops slightly and the pressure changes Ify an amount <5 P ; 
C D the isothermal, during which the steam changes back to 
water , and D A the adiabatic compression, by means of which 
.the water is brought back to its original condition. 

Now, consider the corresponding r (p diagram ; this will 
clearly be a horizontal strip as shown, and the shaijed area- in 
the two diagrams each represents the work done in the cycle, 
so that these areas must be equal. 



We, therefore, have- 


(V - w) d ? --- d r, 

r 


or (V -- w) 


L d r 
r d 1> ' 


A i H 


dF 


_L 


V 


Indicator Diagram 



* , Entropy Diagram 

This is known as Clcipeyron s equation, and it enable 
calculate tjie volume of steam at a ^lven temperature w 
know the latent heat, and the rise of pressure for one 
rise in temperature at that temperature. 


s us to 
lien we 
degree 
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J. A pound ol .11 r ol volume II cubio loot ; p ----- IT), 050 lbs, per square 
foot; r -- 000" F. expands at const an tf tempo ratu re until its volume is 
12 cubic lent. Kind 1 ho new pressure and the loss or gain m entropy. 
A ns, Pressme 0, OKS lbs -if . entiopy gam — -005. ‘ 

2. Steam is at 00 lbs. per square meh pressure (f 320 J l 1 ',, h - 888-4), 
and the change ol piessuie per F 1-28 lb«. pei square inch. Kind tho 
volume ol div steam perM> , taking iv - 010 las 4 80 cubic feetapproxi* 
rnately. 

3 t’aleulale the entiopy ol 1 lb. ol supeiheated .steam generated at a 
temperatuie ol 34 1 K and supeiheated 120 F Arts. Ni5. 

4. A limit engine iceeives 1,000 ll.Tli U. at 300° F. and 500 H.Th.U. 
uniloimly as temperatuie tails to 200" K All tho heat- is rejected at 125" F. 
Find the maximum possible elheiene\ <>1 the engine. A ns. 21 4 per cent. 

5 Find, by means oj Hlct./ chajt, tin* otheieney ol a .steam engine 
which is jacketed so that I he steam lomaius sat mated tluoiighout the 
expansion 

0 Dry steam at 105 lbs pei squaie meh (abs ) expands to 15 lbs. per 
squaie mcli (abs.), and is still dr\ II<>\\ mmb heat must. ha\ e been added 
pei lb v 

7 l’io\o that, when a gas ,it temperalmo '1\ and volume i\ changes 
to tempeiatuu* 'Fj and volume > ,, the <. hange m entiopy is 


K, lou, ? r 1 (lx,, K, ) log, 


8. Show that the volume <>| 1 lh ol sat mated steam may be obtained 


from t he lounuhi n -- t 


.1 \j <r\ 

r r d i*’ 


ii the volume ol the steam in eulne (cot pm pound 
i - volume ot 1 lh. ol water m cubic leet. 

.1 .Ionic’s equivalent, 
h latent heat ol steam, 

T absolute' tempeiatme ol steam. # * 


Use tho following table to obtain 


d P 
dV 


and Imd the volume ol 1 lb. of 


steam at Aid lbs. absolute piessme per squaie inch? 


Absolute pressure pounds per square inch. 150 
Temperature Fahrenheit degrees, . 353 1 

Tompeiatme Centigiade degrees, i 183 0 


l* 100 ltd | 

I 363-6 364-1 | 

I 1812 184-5 | 


The latent heat ol l lb. ol steam at 160 lbs. pressure is 858-8 B.Th.U., 
or 477 (’, H.U. 
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1. Posciibo tho ideal Carnot evole In moans of a )> r diagram, and by 
means of a tempo raturo-cntioyv diagram. A period engine working oi^ 
tho Carnot cycle receives 5,000 K.Th.F. per minute at 2,000 K. ; the 
heat is rejected* at 500° F. Find the horse-powei and tho ohioiem y ol the 
engine. 

2, Sketch a r </> cliait for steam and show bv its means that the loss 
duo to reducing tho admission piossuie by tlncoltlmg is eonsidoiablv loss 
than that caused by an equal meiease m b ick presume 

,‘h Provo the equation V ir .1 ^ , b\ which tho \olnmo per pound 

ol dry satuiatod steam mn\ bo deduced from a know led <_ f o ol the latent 
heat*- temperature and tho piossuie tompeiatme nuus and the density 
of water Calculate tho \olumo poi pound ol di\ sat mated steam at 
200 lbs per squaio meh absolute hom the follow my d.ita 


Piossurc (lbs. |) 0 i square mob absolute), 1!)5 200 205 

Temperature, u F., . .‘170 I 881 (* 388 7 


The latent heat at piossuie 200 is 850 8 It Th l . 

4 Show that the work done in eoinpiossmy adiabat ieall\ I lb of a 
perfect gas is the same so long as tho i.itio of fho initial to the Imal pio>sme 
is constant 

5 Show by the help of a tompoinfuie ontnqn < I i , 1 1 1 imu supeiheatmg 
effects, economy in a steam engine, and the point be\ond which snpm- 
beatmg might lx* expected to cause 1 piac tic at difbeulfaes gioatei Ilian au\ 
increase m the economy would c coupon sate lor 

o Civen tho iollow mg data, const im I the tempeiatmo-cnticqy diagiam 
for l lb. ot dry steam at 100 lbs, initial absolute pies.Miic, eeneialod liom 
feed-water at 112 F., expanded adiabat walk to 8 lbs pm square meh 

absolute pressure, and exhausted at that pressiiie 


Piessuie \ 1 (solute 


1 .rit in p\ i>i ] l)i 

l.llt 1 "liV of 1 11) 

1 einpcM.it no 

, ,-l \\ .Ui i 

of Mt .till 

— - - - *• ! — 

lbs pel si] null 

I). -1. l‘s 1 



3 , 

142 

o 201 

1 887 

100 

1 

328 

o 17<> 

1 50(1 

• 

Also find, in the above example, 

(c/) the woik doin' 

per pound ot steam, 

and ( b ) the di\nc#>s ot 

the steam i 

vttei (‘xpansioii 
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Contents.— •( ’on version <>l Indicator J)iau;i<un ior a Stoam Engine to a 
Temperature- Entropy Diagiam -JJoulvin’s Construction — Mollior's 
Dni'iiarn ior Stoam --‘Application of Molhoi’s Diagram to Throttling 
Steam- -Application ol Mollior’s Diagram to Stoam Turbines — Tom* 
poiatuic-Entropy Diagrams lot other Vapoms -tin roaso of Entropy 
in liunoisiblo Processes -(Questions. 

Conversion of Indicator Diagram for a Steam Engine to a Tem- 
perature-Entropy Diagram. Jt. is interesting to find the tem- 
perature-entropy diagiam corresponding to a given indicator 
diagram , at one time it was thought that this would be of great 
assistance in giving information as to the behaviour of the steam 
in the cylinder, and that it would become the standard practice 
to affect this conversion. As we shall see later, however, this 
can only la 1 doin' from a knowledge of the saturation curve 
for the expansion of tie 4 steam, and on the assumption that 
the dryness of the steam is given 1)) the ratio of the actual volume 
to the saturation volume except m the case of research work, 
there foie the di awing of entropy diagrams is not very often 
carried out m practice It is clearly difficult to argue with 
much accuracy upon the action of the steam in a cylinder 
from the form which the entropy diagram takes when obtained 
in this necessarily indirect manner. We have also to remember 
that the indicator diagrams an 4 themselves liable to considerable 
error If we had any means of drawing an entrppy diagram 
for an engine bv direct means, the value of the diagram would 
be much increased. 

The student should, however, make himself familiar with the 
procedure to be adopted in the conversion indicator to tem- 
perature diagrams , m addition to being very interesting, the 
study has the merit of giving considerable insight into the subject 
and of focussing the student’s ideas. 

Boulvin’s Construction.- In this construction we take two 
lines YOU and Z 0 X at right angles and in one compartment, 
conveniently Z 0 U, we draw the indicator card and the Saturation 
curve with volume axis 0 U and pressure axis 0 Z. The curve 
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is obtained by plotting from steam tables the xolume of saturated 
steam for various pressures, the weight of steam passing into the 
cylinder per stroke being known Alongside this curve wo diaw # 
in the compartment ZO Y a cune of pressures plotted against 
temperatures, 0 Z being tlu;piessiue axis and 0 V the tempera- 



ture axis; this curve is also plotted fiom the steam tables, the 
pressure s^ale being the same as for tin* indicator diagiam 
In the compartment Y 0 X we draw tin* entropy boundaries 
for water and steam, the temperature scale being the same 
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as for the pressure-tempeiature curve Now draw a vertical 
line .V B across the indicator card and project A vertically to 
intersect the pressure-temperature curve in the point C, and 
then project this point horizontallv to intersect tin 1 water and 
t steam entropv houndanes in 1) and F. A vertical should next 
lie drawn thiough I) to mteisect 0 X m F, and a vertical should 
be drawn through F to intersect in (I a horizontal line drawn 
through B, and pan K(J Now tin 1 line A 15 intersects the indi- 
cator card m a and A .and we may assume appioxunately that 

- Drvness coellicient ol steam at b. 

A a 

^ — l)r\ ness coellicient of steam at u. 

Now project b and a honzontall} to meet F F in and h x > 
and then project a ] and h ] vertically to intersect 1) F m a, and b } . 

Then n j and b t an* the points on tin* tempeiature entropy 
diagram roirespoiidmg to a and b on the indicator diagram. 
Bv diawmg a numbei of lines on tlu* indicator diagram parallel 
to \ B, we obtain eonesponding points on tin* temperature- 
(*ntropv diagiaim and bv joining up these points we aie able 
to obtain the closed tiguie illustrating the vanation in entropy 
thioughout the c\ele 

To prove the const met ion, we note that 


Da, F a, 
I) F ** F (1 


\ a 
A B 


Divni'ss coellicient ol steam at - ,r f( . 


But we ha\e seen that il w e have steam with drvness eoeflieient 
jc a and a x is tin* < oi responding point on tlie lsotheimal line J) E— - 


I ) a 1 
D F 


•. a- is tlu* pomt on the entropy diagram corresponding to 
a on the indicator diagram 

Similarly, we mav prove that b l is the point on the entropy 
diagram eorresjiondmg to h on the indicator diagram 

Mollier s Diagram for Steam. By plotting total iu*at against 
entro|)v we obtain a diagiam ealh'd a Mollier diagram.* 

*A useful- lorm oi this diagram to enlarged scale, upon whjeh the dia- 
grum on p. :t(> is ha sen', is published by Messrs. Oliver* & Boyd, of 
Edinburgh. Price ad. net. Students are recommended to obtain the 
enlarged diagram and employ it m their calculations. 





Meat -Entropy Chart for Superheated Steam 



Mollier's Diagram >or Steam (Fahrenheit Seale';. 
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lines become somewhat carved, as shown, and corresponding 
to the dryness coefficient lines on the wet-steam portion of the 
diagram we can draw lines of constant superheat temperature 
on the right-hand portion of the diagram 
Application of Mollier s Diagram to Throttling Steam.- The 
process of throttling steam imolves a diminution of pressure* 
without loss of total heat, we can thus from a Mollier diagram 
ascertain the condition of steam initially at a given pressure and 
of known drvness, when throttled to a new picssure, by diawing 
a vertical line on the diagram. Suppose that the initial pressure 
is Pj, and that the point on t ho P, line eonespondmg to t lie 
known drvness fraction is A . to ascertain the condition of the 



ti - 

Total Heat. 


steam after throttling to a pressuie P 2 , we diaw a vertical line 
A B until we intersect the P 2 line at the point. B. From the 
diagram we can tl^en find the dryness at the new. pressure ; 
if the vertical line*crosses the satuiation curve we see that the 
steam in itsjntvw condition will he superheated 

Throttling Catcn imeter.- Calculations upon the throttling calori- 
meter can be made by a similar use of constant beat lines upon 
the Mollier diagram In the use of this instrument we measure 
the absolute pressure of steam, P, and P 2 , before and after 
throttling* and also the temperature, after throttling. By 
mean* of the steam tables wo can ascertain the; saturation tern- 
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perature corresponding to the pressure P 2 , and thus by sub- 
traction find the degree of superheat We can thus find the point 
<■ corresponding to (j on the Mollier diagram, and by dropping a 
f vertical to meet the [\ line we read off the initial dryness co- 
efficient of the steam. 

# Numerical Example. Find the dnness coefficient of steam 
from the following readings taken with a throttling calorimeter. 
“ Pressure in mam steam pipe, 150 lbs per square inch absolute , 
pressure after wire-drawing, 17*2 lbs per square inch absolute . 
temperature after wire-drawing, 210° F 

The saturation pressure corresponding to 17-2 lbs per square 
inch absolute - 220° F , so that we have 20 F of superheat. 
From the diagram we then find the point coi responding to 17 • 2 lbs, 
per square inch pressure, and a superheat of 20' F., and "drop 
vertically until we reach the pressure curve of 150 lbs. per square 
inch We then read off the dmiess as approximately -97. It is 
useless to attempt great accuracy m calculation upon dryness 
ol steam, because the necessary errors made in the observations 
are considerable 

Application of Molliers Diagram to Steam Turbines. Tin* 
effect, of friction upon the flow of steam through a steam turbine 
can be studied bv the aid of Mother's diagram. 



'total lloat. 

In the ordinary calculations we assume that the '■expansion 
of steam m passing through a nozzle is adiabatic— uc., tln^ the 
entropy is constant. 
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Lot A represent the point corresponding to the initial pressute 
1\ of the steam, and Hj the initial total heat of the steam Then 
if the process of expansion to pressure l\ weie tiul\ adiahatie, 
the entropy would remain constant tlnoughout tin' operation 
and th<‘ process would lie repiesented h\ tin* stuught line A B, 
the total heat at the end oUhe opeiatiou being Jl , . tin* (plant it y 
(Ifj H 2 ) is (Mill'd the he.it diop Owina, howevn, principally* 
to friction, the actual expansion pro* es.s tollows a lint' A<\ the 

fiom w Inch 
JF) I) B 


entropy being increased and the dteitivc heat diop, fiom which 
the steam velocity is cahulate< 1, be< Ol'.ies (IK 1 J I ) |> 

representing the loss ol heat dim to hietion 

If w r e know from expei lmenta! lc-udts loi a m\en cast 1 the 
pioportion of the friction heat loss to the total heat drop avad- 
• I) P> 

able. K’ , th(' i.itio ^ , we can Imd the point D and then 

obtain ( ' by (haw me DC until wc meet the P, line 

It will be noted that the xeitical him DC lejtiesents a 1 lnottling 
action during wdiicli the total heat is (onslant, so (hat we may 
repaid tin 1 process of expansion with Inetion as c<jiii\alent to 
a fnctionless adiabatic I'xpansion down to the piessuic corie- 
spondmg to tin 1 point 1). and then a tlimtthng down to the 
jiressme P> 

Temperature-Entropy Diagrams tor Other Vapours. Ptom a 

knowledge ol the propel ties ol otliei satuiated \ a poms we an* 
able to diaw their temperatuic cnliopv diagiam^ Tim fol- 
lowing table's deal with the gases ammonia, laibon dioxide, 
and gulphur dioxide, and are of mteiest m pioblems conceining 
refrigeration, with which we ileal in Chaptei VI 
' — Properties of Saturated Vapours. The following data ate 
derived from tables given m Zeunei’s ‘ Technical Thermo- 
dynamics " . 

• 

V - pressure in pounds per spume inch, absolute , 

( - temperature Fahrenheit . 

V ----- volume o£ 1 lb , cubic feet. , * 

S -= sensible heat m the lupin! above 3*2 F . B Th V , 

H — totitl heat above ‘>2 F , B.Th U. . 

L — heat/of vaporisation - If S, B Th C . 

(pi - entropy of the lupin! at the boiling point, above 32 F. , 

(ps =% entropy of vapoiisation ^ , 

(pi i — total entropy of the dry vapour -- (f t 
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PROPERTIUS OF SATURATED VAPOURS. I 
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PROPERTIUS OF SATURATED VAPOURS. 
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Lecture TIT. — Questions. 

« 

1. Draw t </> diagrams ior carbonic acid and ammonia. 

2. Dry steam at ‘100 lbs. per square inch absolute is generated in a 
boiler and then passod through reducing valvo and throttled to 250 lbs. 
per square inch without loss of heat. Find tho dryness at the lowor pressure 
side of tho reducing valvo, or, if the stoam be superheated, find the 
number of degrees ol suporhoat. vl/ns. 10 2 ’ F. suporheat. 

3. Explain how superheating increases the efficiency of a steam ongino. 

4. Describe any form of throttling calorimeter, and point out the diffi- 
culty of getting good results with steam ealoumeters generally. 

5. In tho use of a throttling caloumoter the gauge pressure was 80*lbs. 
per square inch, atmospheric pressure 20 5 mehos mercury ; manometer 
reading 2 inches mercury ; thermometer reads 220’ F. Find the wetness. 
Stoam tables may bo used. . I ns. Wetnoss -- 3 8 per cent. 

0. Steam is wire-drawn from 300 lbs. pressure (Q --- 417) to 200 lbs. 
pressure ( / , -- 38D). Tf the steam contains 10 per cent, of water, find the 
amount ol drying produced. 

7. (Show how to combine in" one diagram the indicator diagrams from 
a compound steam ongine, and atterwards transfer them to a temperature- 
entropy chart. 

8. Til a combined separating and wirediawing calorimeter tho following 

observations were taken --Total quantity ol steam passod through the 
diaphragm, 52 lbs. ; water drainod from the separator, 2-7 lbs. ; stoam 
prossuro befoio wire-drawing, 118 lbs square inch absolute (temperature 
340° F.) (171-1 C.), latent heat 878 3 H.T.U., 488 0.11. U. Temperature 
of steam on leaving, 232 CO F. (Ill 4 1 0.). Steam pressure on leaving, 
atmospheric. Find the wetness fiaction of the steam on entry. You 
may take the specific heat ot superheated steam as 0-48. « 

9. Steam of wetness fraction v\ is expanded adiabatieally from a pressure 
p, to a pressure p. Tho expansion curve is p i n constant, wheib n - 1135 
— 0-1 w and the specific volume of steam is given by 1* VF r constant. 
Find the wetness of tho stoam after expansion from p x to p m terms of 
p v p, and w v Honco iind tho witness of 5 per cont. w r et steam after adiabatic 
expansion from 150 to 20 lbs. per square inch absolute. * 

10. Showy by sketches of the “ total heat-entropy,” or Molher," 
diagram, how the following required data may bo detormmod : — (a) 

• The dryness, or superheat of steam which expands through a throttling 
valve without loss of total heat ; (b) the work dornj by 1 If), of stoam 
expanding adiabatieally from a given pressure and with a # given amount 
of superhoat or wetness to a lowow pressure ; (c) tho dryness o*l stoam after 
expansion in a nozzle wdion tho efficiency of the nozzle is 'known ; ( d ) the 
original condition of stoam which has passed through a thiottling calori- 
meter, when tho pressure and superheat of the steam are known at the 
md of the expansion. 
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Lkctdkk III. —A M Inst (' F. Dri.siio\s 

1. Find tho dryness of tin* steam nl tor cut-off at three-quurteis of tin 
stioke from the following paiticulais ot ail online tual, as-aiming in 


leakage : — 

Condon soil steam per hour, m pounds, . |,<iOh 

Revolutions per minuto, . 120 

Volume of cylinder, culm; loot, II 0 

Clearance per cent , .5 

Pressure of steam m pounds per square inch at stroke. (I H 
Volume in cubic leet ot 1 lb. ot steam at II S lbs 

pressure, . Hi 05 

Pressure of steam m pounds per square inch <it 0 <St ot 
the return stroke and oommeiuement of com- 
pression, . 17 2 

Volume m cubic loot of 1 lb. ot .steam at. 17 2 lbs pm 

squaie inch . . . . . . . 23 1 t 


2. Steam passes throiurh a throttling ealonmeler, wdieie it is reduced 
in pressure horn 120 lbs per squaie mill (tcmpeiatuio 311 F.) to 13 lbs 
|*cr square inch Tho tempmatuie altm expansion is 230 F 'The tem- 
perature ot steam at lf> lbs per square meb is norm, illy 213 J F. Find 
the original dryness ot tho steam The latent heat ot I lb ot diy steam 
is. approximately 1,114 0 7 £ theimal units, where t is the temperature 
of the slew 1 m decrees Fahronheat. Tint spool lie heat ot superheated 
steam may bo taken as 0-3 

3. Stato the second law of thermodynamics, and show how tho uiowtli 
of entropy in *rrevorsiblo cycles is m eonhnmit} with tins law. 

4. Draw a Mollior heat-chart with the data given below (mil) the 20(H F, 
superheat line, tho saturation line, and the lines representing the eiven 
pressures need bo drawn). Why ate tho piossuro lines stfaighl in Hu 
saturated field and Survod m tho su pollinated field v Assuming the initial 
condition of.tflio .steam to bo 200 lbs. per squaie inch absolute picture 
and 200° F. supeihoal, draw' a line representing tho Rankino cycle and 
a line giving 70 por cent, othciem y ratio, in both cases terminating at 
2 lbs. absolulo pressure. 



P.c-mc 

l..tal Itcar 

Entropy. 

1 I* 1 ' ]iei Sq 

It 1 li. 1 


In .ill- 

pci l.li 


| 200 

1,308 

1 -003 

100 • 

1,289 

1-719 

Su]ici heat 200 1\, . 25 

1 ,2d(> 

1 *833 

1 d 

1,222 

1 972 

1 1 

1,20(5 

2-07,3 

i 200 

1.108 

l 51(5 

1 J(, ° 

1,18(5 

1 (502 

Sat mated, ' 2d 

1,1(50 

1 714 

1 d 

U30 

1-813 

1 - 1 

1,1 Id 

1 918 

, 200 

1,030 

I 31(5 

: ioo 

1,009 

1 377 

0 S dpv ness fi act ion, 1 | 27 

970 

1 411 

1 » 

930 

1 -7,20 

1 1 

91 1 

1 7,70 


f». 'The* drvness lifictinii <>( steam is nseei tamed 1<> ho 0 9(5, and the 
pressmo is 170 His. pel s(j ua i o inch absolute Kind tho total heat ot tins 
steam luv on that tdio total heat ot saturated ^tt-.un at, this piossiuo is 
1,19,7 4 P> r PJi l per pound, and that the uatci heat is 310 7 B.Th.CJ 
per pound. If this steam weie expanded hv thiotthm/, show hovs to 
calculate the temperature when the steam is [list saturated 


h Explain tin 1 statement, that ll the condition ol a substance is changed 
along a reversible path the ditleieue.e ol eutiopv between tho Imal and the 

initial stages is the summation ot ^ . Show that tho dilTeienee of entropy 
is greater than 11ns it Ihc path is i"rvo , '-!ble 


7 Show how the pntrnpv dia<_ r tam On a steam emmie may ho used to 
investigate the amount <>1 moisture picsent. at vaiious points m the 
revolution. * 
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LECTURE IV 

STANDARD THERMODYNAMIC CYCLES. 

Contexts.- -F our Standard Thernmd\ mimic (\clcs -Constant Volume 
C'\clo sStiilmn’s C\clo Otto oi Beau do Km lias Cm to Kiln inirv 
m Constant Volume Cm Io An Stand, ml Kiln iciu \ KlToi t ot 
Variable Spoorhe Jloat ot (his Numoucal Value of Specific Heat 
— Meet ot Variable Specific Heat upon Adiabatic l'\paiiMon 
Wnnpeiis’ Formula lor Hie Ideal Hllinemw of t I im Constant, A olutne 
•C)cle with Vanable Specific lleat^ Comparison of Ideal Klliciein ics 
tor Constant and Vanable Specific Heats Constant I’ressure C\elo 
— Kankine-Clausn.s C\elc Kiln iono\ without Supeiheat, from Con- 
sideration of tho j> V and t o di imams Coinpanson with Carnot 
J'AheiencN Kankme ( 'lausnis Cm Io with Superheated Steam 
Quest ions 

TllKlti: arc .1 mimlmi ot si unlaid ideal 1 her mod\ namic 
cycles, with w Inch tin 1 < \ clc ol ,1 ny gi\ on engine can he coin]).! j ml 
as a standaid In dealing a ith these cycles, we will m most 
eases designate them according to then f hei mod vnamic <hai- 
aeteiisties, lnider which the beat is taken m and lejeited, and 
.0 o by t In* names ot the invest ig.it 01 - with w horn t hc\ ai e usually 
associated 

Tho following stamlaid cycles 1 < < 1 11 11 1* in\ est mat ion, the hist 
of W’Fiich wt 1 ha\o already eonsidejed 111 detail 

( 1 ) *( onstant Tompeiat me or Carnot C\eh' 

(2) Constant Volume m Stirling and Otto (Arles. 

(0) (^onstant I'ico.iiie 01 Eiksmui and Joule (Arles. 

(1) KTnikme-dausius Steam I'himne ( A dr 


CONST \NT VOLUME ( VOLE 

In this cycle all the heat is Coreived at constant \olume 
and rejected ,at constant volume Theie are two principal 
forms of tins cycle, m one of which (St 11 line) the expansion and 
compression are isothermal, and in the other (Otto) they are 
adiabatic. 

• («) Sttjiny Cycle In Stirling’s air engine, invented m 1827, 
we have the first example of a “ reversible ” engine, and a good 
attempt at the employment of the regenerator pnneiple. 
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The cycle was as follows . 

(1) Air at volume V 1} heated by passing through the regene r- 
« ator, was allowed to expand isothermally to volume V 2 , heat 

being taken m from a iurnacc, and the expansion causing a 
\>iston to be raised. * 

(2) The heated air was then passed back through the regener- 
ator from the hot to the cold end, and gave up some of its heat 
with corresponding drop m pressure, the volume remaining 
constant 

(3) The aif was then compressed isothermally to its original 
volume. 

. (1) The compressed cold air then passed back through the 
regenerator from tin 1 cold to the hot end, and re-absorbed beat 
previously given up. 




A {Stirling engine of 50 J.1I 1\ was used in 1813 at Dundee, 
' and gave a* relatively high elliciency of -3 measured on the I.II.P. 
But the mechanical elliciency was low, so that the overall effi- 
ciency was not so good. The objection to hot air ‘engines from 
the practical point of view is that thev have to be very bulky — 
that is to sav, the power output of an engine of given size is small. 
Stirling attempted to overcome this objection by using high 
pressures that is, a relatively high weight of air p?v stroke, 
even for the lower pressure of the cycle but even if this be done 
the hot-air engine is not a practical proposition. 



Pressure 


KFFICI h XCY IN CONST\NT VOLVMK CYCLE? R> 

(h) Olio oi Beau <le Rocha* Cycle Tins c\cle differs from the 
Stirling evcle in tli.it tin* expansion and eompiesMon aie adiabatic 
in place of isothcini.il, and is uMi.ilh reguided as tin* ideal to 
w Inch tin* Otto or Beau de Rochas explosion c\ do appioxunates . 
tin' details of this cvcle aie yuen in (’liapter IX The above 
figure gi\ es the /> V and j </ diauiams f»>i the theoietnal c\cle. 

The charge is taken m at the point ( ' and is < om pi es-ed adiaha t ic- 
ally to I) it is then exploded with immediate use ol pressuie 
to A, and then expands adiah.it k all\ to IT wheie the exhaust, 
opens and the piessure falls munediatelv 



r n the foili’-stioke (\c|e the dijne makes two idle strokes, 
repicsentod l)\* the dotted line, dining u hl( li the piodmts o| 
eomhustnm are expelled i i om the e\lindei and a new eliuiim is 
diuw n in 

Efficiency in Constant Volume Cycle. 

Heat supplied at constant \olume horn I) to \ 

< '»■ ( T\ - T„). ... ■ ( 1 ) 

Heat 1 ejected a t constant volume liom B to (' 

(\ (r )! - TC . . . . (‘2) 

*. Heat ton VC I ted into woik heat supplied In at ep<(ed. 

- ( | ( r v I,.) - ( r,« 7 , ) ; 
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Efficiency 


Heat convicted into work 
Heat supplied 

l'v { (t-v r,») - ( Tn - T C ) 1 
( V(Ti Tpj 


T n Tv 
T \ To 


( 3 ) 


lint by Equation (10), r i» 11, shut t lie expansion is adiabatic, 



t a 

Tn 

(!■)’ 1 


■ w 


r ii 

Tv 



T\ 

Tn 

Ta 

Tn 





or — - 



To 

Tv 

T a - Tn 

Tn - • To’ 



T i, T V 

Tn 

Tn 


• (5) 

l.C , 




Tk To 

T A 

Tv 





T n , 

Tn 

• (6) 


>1 

1 

1 

Ta 

To 

Or 



A\\ 

/ 1 \ y - 1 


>1 

1 

(v!) - 1 

ir) ’ 

• (7) 


, Yo\ 





where r ~ 

[ “ ) ratio of 

' i 

expansion 




This quantity 1 — ^ ) is ('ailed the un-standmd efficiency, 

y being taken 1*10, and it is common to expiess Ihe results of 
tests upon internal combustion engines with reference to this 
ideal efficiency m much the sanu* wav as with reciprocating 
steam engines. The Rankme-Clausius cycle (p. 0) is adopted as 
the standard 


We thus have - 



Air standaid efficiency - ij (l t 
Tins gives the following allies . 


Hat id of 1£\)miiooii 

" ; 

a | 4 s i 7 j m j so | 

100 

I Air standard efficiency, 

•1>42 

i 'i j 

•:tr,U -42G -475 -54 1 GO 2 ! -698 

1 i : 1 

•841 
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0 


The above diagram enables the efficiencies for intermediate 
values of the expansion ratio readily to be ascertained. 

It will be noted that the efficiency given by equation (b) is 


less than that for a perfect engine (which would be 1 - Tt ), 

because the heat is not all taken m at tin* same temperature 
and all rejected at the same temperature 



Numerical Example. A gas enguw of ‘25 11 l* tceeives -00 ( nine 
foot of gas per cycle, t lit* calm die \aluc oi whnh is (>00 E r l h V. 
per cubic foot. The clearance volume is 0-2 cubic foot, and the 
volume swept out b 4 \ tjie piston each stroke is 1 cubic loot 
Number of eveles frtw minute 1)0 thud the effieienev of the 
engine and its, efficiency ratio compared with the air standard 
In this ease VJ -0-2: V. 2 1*2. . * r (i 

Efficiency on air standard (from diagiam) *52 appio\ 
Heat usc^l per cycle -Ob/bOO bb E Th T T . 

Work equivalent = bb X 778 28.000 ft -lbs. 

Work done per minute by engine - 25 x bb,0O0 ft -lbs. 
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03 v 33 

Woik (lone per cycle l>v enpme . - 9,170 ft -lbs. 

Prt . f 9,170 

Mineney of ('Mirim - ^ ()( , 0 -33 approx. 

0 

.* HHieieney ratio toair standaid ^ -63 approx 

Effect of Variable Specific Heat of Gas. Up to tlx* present we 
have assumed that the spe< itie. Meat ol the pas is constant this, 
m fact, is now penei ally admitted not to he tin' case, and so 
new formula' have been devised lot the ellieieney of the constant 
volume evele for vanable specific heats 

Wo may assume that tin* specific heat (\< of a pas at constant 
volume increases with increase ot tempeiatuie accoidinp to a 
linear M'lation and write 

0, r (0 . I't (In) 

Or, for use with absolute tempeiatures 

Ot ft- hr (16) 

lb theieforo, tin* absolute t emp(‘iat m es at tin* points A, B, 
0, I) m tin 1 indicator diapiam on p 19 an* respectively t.\, 
t u , 7V, and r i > , we have 

1 leat absoibed horn I) to A II ( 0,, (tv Td) (2) 

,, 1 eject ('(I ,, BtoC IL (*,_,( T,i T r ) (3) 

I -dn np foi t lit* spe'alie heat*' the nn'an ovei tin* Interval, we 
shall have 


( -n 1’ i 2 {t ' 

t„) 


■ ■ (-1) 

,6 

W> l> > 2 ( r,! 

Now, tin 1 eflieienev ol the cvele 

' Tot 

>h 

a, ii, 

a, ’■ 

• (5) 

( t a T„) | j) \ 9 (tv ; T U ) J - 

( Tii 

Tc) j f> ' \ {Tu 

r r o) | 

T,>) i> 

1 2 (Tv 

j Tp) | 

—(6) 



EFFECT OF SPECIFIC l!K\T UPON \DIVH\TIC E\l’\\SlO\. 


X iimencal Value of Specific Ihul Inherent nhscrv rs liave 
obtained considerable di\ erguWe m the \ nines of the specific 


heat of pases at constant 

\ olume 

The 

lollowinp wtue 

pub- 

lislied bv Mallard and he Chatelu-i m 

1>07 


For CO,. . C, 

0 1 177 

0 

1 7(» * . 

1 ,000 


If, o, . . C, 

0 5211 

0 

■Mi, ' . 

I ,< too 


. . i\ 

0 170 


t 

os 7 

1 ,( )( )() 


0,, . C, 

0 1 1SS 


/ 

Orb . . . 

1 J M )( I 

• (1) 

where/ - tempei.it me ( Vntipiade 





Du^ald ( 'lei k made many nnpoitant ex } »e i iments, and found 
that tin' cm \ t 1 show me the relation between specific heat and 
temperature was mole nearly a paiabola than a stiaioht line, 
Imt for a mixtuie of 1 of pas to II of air, the stiaipht poilion of 
Cleric’s cm \ e m\ es 


(V o-m 

bur this mixture BuiMall mves 


Uhl 


t 

1 , 000 * 


0 ITS 


0-105 , 


l.ooo* 






The (his Explosions Committee of the Bntish Association 
recommended m their report of BIOS the use of t h<* formula — 


- 0-172 


•075 


t 

1 ,0( K ) 


Effect of Variable Specific Heat upon Adiabatic Expansion. 

— Suppose that a gas at pressure ji, \olume V, and absolute 
temperature r has its temperature increased bv an amount 
d t, and its volume decreased be an amount d V 

Then the work doin' on t he pas, expressed in heat units 


= (\ dr 


■ ,H_y 

j 
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But this work will bo represented by an increase d H 
internal heat of the gas, so that we have- — 

tfJI C.rff, 


If the process is adiabatic, we must have no increase 
internal heat, so that d 11 0, or 

C, (I T ? '4 V 

Now, we have by equation (1), j). 1. 

C ■ -m-o,). . . . 


1; ' fvlr, i-v) 


dr- (Vdp j pd V). . . 


Putting this result in (2) we have 


J {Up ■ ' Ur) 


. (V dp -\-])d V) 




V d p - — p d V { 1 


V v --V 9 


V v Xdp - V p pd V. 


Now let 


Tlnrn equation (5) becomes 


C, - ft x-b t|\ 
V p -- a -t- b r j 


(/? + M y -I- (a + b T ) . '4 -- 0. 

P ■ 4 + a — + 4 ! V '' ?’ + </V 1 = °- 



EFFECT OF SPECIFIC IIKAT UPON ADIABATIC EXPANSION. «>0 

pt p - + a t\ + ! ..■(). ... ( 7 ) 

p V 


Integrating, we get 

ft log p .} a log V 


V) j ---0. . 

t because - ~| 

p ' ' J 

p X constant 


ft log p 4 

n log V 1 

}>.) 

a - ft 

p V 

“onstant 

• (*) 

• 


t 
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V~ Clearance — r* Percentage oF Stroke H 

Adiabatic Curves i<or Const \nt vvn V\ki\bli: Sum n rr Hfat 


This is the equation for adiabatic expansion of gases the specifn 
heats of which vary in the linear manner given by equations ((>) 


We note that 


V . p V p V 


— - : r, so that we may writ 
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equation (8) as - 

/> log p i a log V ; h j constant (9) 

or, since the absolute tcmpeiature is at a fixed interval below 
the ordinary tcmpeiat me, v\e ma\ wnte the equation as - 

/> l<»<£ yj rx lo*r V - J bf constant . . . (10) 

Wc will nolo that if the specific heat is constant, tin 1 value 
of the eoelliciont b will lie zeio, and equation (10) becomes 

(i log p j a log V constant. 


' , log p 


, log V 


constant 


. V V 


f l> a 
a j $ 


constant 


But 


/>’ c; 


■y w e obtain the familiar result pX^ ----- constant. 


The 


adiabatic curve for \anable specific he.it will be found 
to come above that for constant spot die, heat, as shown on the 
accompanying diagram 

Wimperis' Formula for the Ideal Efficiency of the Constant 
Volume Cycle with Variable Specific Heats. Mr H l\ Wimpens* 
M \ , has given the following useful demation of a convenient 
formula for the efliciencv of the constant volume c\cle with 
variable specific heats 

Referring back to equation (ti), wo have for tin 1 efliciencv of 
the constant volume cycle with \aiiablo specific heat 

( J A -Tn)j/f } ^(Ta - 1 T„)l (r,i -To) j/J -|- J ( T Jt | To) J> 


(Ta 


'») j/J 


b, ) 

o ( T * 'I' T ")> 


(11) 


Now r , take equation (9) and wnte it 


. , a log X b r 

log p i -j — ( - -- -- constant 

Taking ant does of each side, we got - 

a b t 

p f J — constant 

* The Internal Combustion Engine (Constable). Advanced students are 
recommended to read this interesting and stimulating book. 



WIMPERIS* FORMULA. 


(t - exponential coefficient, tin* base of the Xapeiian lo< 


and since ( -- ra 
/' 


eeiiic heats .it absolute zero. 


\ rito y 0 - and our equation to the adiabatic expansion with 


inble specific heats 


p V 1 0 1 ■ coiista i 



Now we have' als 


Equation (V‘2) gi 


Pa \\ /Of V , 

Tk Th 

Tx /Of V» pi t 

e. “ r. . 

Til pK \ 1 /U 


# Pa Va ‘ £ — ■ 7>ii \ n ^ ‘ 

: V -'~ 

, 7 >a v w,' 

putting this m (*lo) we get - 

, 

• Ta 1-Ytt a( T ‘“ T ") 


and similarly we shall get- 


Ti, 1 — Yo v ^ T,t “ T< 

— ^ r k ? 

To 



substituting in equation (11) for r B and r c we have- 




The left half of this expression may be uidten to a sufficient degree of approximation 
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The compression tenipeiatuie r i> i 

s not ea-'X to d 

‘teinnne m 

practice, and as an approximation, s 

mee t i> is multiplied l>x the 

small quantity ^ 

w e nia \ w l ite 




T T, V*— 1 

1 

» 


7V ‘ 1 

( 

>/’ 

h . 

( \ ) 


- a- 

dr 

'</i f 


r h 

\ 

~i 


L 1 

(1 >j) T, TV 

t 

i] ,23 > 

Thifi is Wniipei is 

formula 



Comparison of 

Ideal Efficiencies 

for Constant and Variable 

Specific Heats. 

Idle follow 1 1 1 Li tahh 

shows tile efle< 

t upon the 

ideal eflieienev 

>1 t he allow. UK c | 

u \anation ol 

he speniio 

lu'at of gas w ith 

empeiat m i 1 

i 

111. 1. IK \ lul 


Exparoinn 

lain n in v \ ir \ u 

1 ill], sin , |||< 

1( it in 

rat to ! 

st mhcl 

in it 

V 

) 

>1 

' / 

>) 1 

4 

o ur> 

o ;rr> 

0 787 

a i 

0 17a 

0 .‘{SI 

0 SOU 

0 

o |J 

o 117 

o sir* 

• 7 

0 all 

0 1 IV 

o sj;t 1 

8 

0 alia 

0 170 

0 S.lg 

9 • 

o '),sr. 

o too 

0 h 57 

10 

1 

o noj 

0 aOS 

0 8! la 

• 

(VNSTAXT RRESSl 

BE fV( EE 



This cvcli' was the hasp* ol the Eik's-oii .in enume and I In* * 
Joule an entilin' * m 1 lie loimei t lie e\ pansion and (omposmui 
wet e isot hei mal, and m tin 1 la t tel t lie v a i e linin' him 1 1\ a dial nil n 
The Joule rvele has been naned in ie< ''id U'an in the Du^el 
engine, ‘w Inch a ] >pr oat lies ♦ho t \ < le 

Restrietimi, our attention to the Joule <\<!e, wlinh is the 
only one ^10 w toed m practice, we ha\e the followin'./ < \»!e 

(1) Heat taken m at constant picsouc hoin A to B. dining 
this stage th'e fuel hums 
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(2) Gases expand adiabaticallv from B to C. 

(?>) Gases expelled at constant volume to I) and new charge 
of fuel taken in , in the four-stroke cycle* the gases are expelled 
by an idle stroke of the piston to E, and a now charge of fuel 
v ; s taken in by an idle outward stroke of the piston to C, which 
returns to D before compression begins 
{■[) Adiabatic compression from J) to A 

Efficiency of Constant Picssurc (hj<Jc 

Heat supplied at constant pressuio from A to B 

Gy, (TH — T A ) • . . . . (1) 

Jfeat rejected at constant pressure from G to J) 

Cp(Tc- T„) ‘(2) 



Heat converted into work - he.it supplied heat rejected 
--GpKth - r A ) - (t c - Tj ))! 


heat converted into work 

hlfi, ' ,e,R ' v *«- -i^i^nsr — 

( Th — Ta) _ (Tq - Tp) 

(Tb- T a ) 

_ (_Tc - Tp) 

(Tu — Ta) 

* See p. 143. 


=-= 1 


• ( 3 ) 
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But by equation (10), p. 11. 



T A 

Tb 


Tv 

To 


Tk 

T i>° 


Tu 

To 


Ta 

Tj 

Tu 

— Tv 

To - 

To 

— Tv 

Tj> 

Tb 

Ta 

Tv* 


>/ 

1 - ' 


-{-) 

W 


Yi- l 
Y 


Y' 


Tr 

Tji 


1 J“ 1 


wheie, as before, r 


(t) 


The efficiency ol this cycle is less than that of a ]m*i fe< t < 
working between the tempeialme limits, |>,raiiM* all tin 
is not taken m and rejected at the same temper. ituie 


(b) 

(0) 


ngme 

iieat 


HANK1NK ('j.Al’SU’S ( \ ( LK 

V- T r hi« cycle is sometimes called the Rankme c\cle, and was 
adopted bj the ISPS Report of the Institution of Tim! Engineers 
on the Thermal Kllieienry ol Steam Rngmes as the standard 
of comparison with tin* performance of a steam engine woikmg 
under the stune conditions 

We thus obtain a quantity which may be called the Rankme 
efficiency coefficient, and may lie defined as follows 

Rankine efficiency coefficient 

theimal efficiency of actual engine 
thermal efficiency of ideal engine on Rankine cycle 

Nature of Cycle. -The p V and r rp diagrams are giyen on the 
-accompanying diagram, and the cycle comprises the following 
stages : — \ 

(J) Steam at pressure p j is drawn into the cylinder at constant- 
temperature from A to B, the volume at B being V! ; or, expressed 
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01 

m oth(‘i t'-ims. water at presume p t and temperature r t (the 
volume of which is ne<r|i<ubl«j represented hv A is converted 
into dry satuiated steam at constant pressure, the volume of 
steam beine \ , The corresponding line A B of the x (j diagram 

will he the honzontal line A B, the length of which is 

T i 

(2) Tlie steam expands adiahatieall v until its pressure is p. y , 
volume V,, and temperature tv ( 01 responding to this we have 
tin* curve B ( 1 on the p V diagram and the vertical line B (’ on 
the t (/ diagram 

(d) r T h e steam is condensed to water :it constant pressure and 
temperature This stum* is represented h\ (’ |) on the p \\ and 



X </> diaiiiams, the line benm a hon/ontal straight line on both 
diagrams, because pressiue and temperature arc constant. 
Km t lie I , the point I) must he on the water boundary curve 
ol the r (j dinuinm, because b\ tie 1 time tin 1 point 1 ) is reached 
on the p V nine, all the steam li.is hceonie condensed to water 

(1) The water is pumped buck into the boilei its pressun 1 
bemu m< least'd to p , and its 1 (Mil pel at ill e to»T, this is leprc- 
sented b\ |) \ on both < 1 1 a l* r a ms 

Efficiency on Rankine-Clausius without Superheat. (1) Ftom 
Con.siilcnihnn of )> X Ihtvjmm It 11, is tin* total he.it of steam 
at the inlet t emperat ill e, and s,. is the sensible heat at the exhaust 
temperature, we have • 

Heat supplied per stioke - J (II, — s e ) m mechanical units. 



EFFICIENCY ON H \XK IN K CL YTSI I'S WlTHOl’T SIPEKIIHAT. 


()-"> 


The work done per stroke area ABED 
m A B F E 

V . J>| V, - - I>, V, 


a iea A 1> F E -j aiea I] (.' 11 F 

a iea D F 0 K 


Pi x i 


v~ * 


Pi v. 


■(r.v I --p J v s ){ 1 I -;,. 1 | | 


Y , 

r c 


Pi C " Pi Cl- ■ • O 


Or, if r is the expansion iatio ^ r 2 
* i 


Work pei stioke - ^ y- { p x - r /;,) . . . (2) 

w ork per stroke 
lieat supplied 


y Vi <Pt - rp 2 ) 

(y \)MIU *eY 


( 3 ) 


Zeunei gives the following value for y, and this is generally 
taken ^is the most reliable, viz .- 


y 1-035 1 -1 a;, 


where x is the dryness fraction of the steam. 

In our cast we have assumed the steam to be dry saturated, 
so that x — 1 and y - Id 35. 


Equation (3) becomes- - 


JH35 V, (p, 
•135 .!’(»* 


rp 2 ) 

s e ) 


(b 


If pressures art' in pounds per squaie inch, \olumes in cubic 
feet, and H t and are m B Tli h , J 778 It. -lbs per B.Th.TJ.. 
and we h%ve to multiply tin* piessuns by 11) to bring tlicm 
to lbs. per square feet to preserve the dimensions of the 
equation. 

b 
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[Tliifc* will be clear from the following dimensional equation, in 
which the numerical values are. neglected. 

, ft 2 

n ft.“ X lll.“ - . - 
' in/ 

Multiplying hv 1 1 1 bungs this to — - 1 , giving q as a dimension- 
less coefficient ] ln ' 

We then obtain 

1 -of) \\( Pl / }>,) 

‘‘ HI, • 

Fn the above treatment \\ t* have neglected the woik done in 
juunping the condensed water into the boiler. It Vie in the volume 
of the water, the work thus spent is \ r w {p l p 2 ), and 1 this should 
strictly bo deducted from the heat conceited into woik, but 
for most piaitieal calculations this may he neglected. 

Numerical Example. The inlet piessuie m a steam enyme is 
100 lbs per squat e inch absolute, (t, - 32S F.), and the eihausl 
pressiue is 11-7 lbs per squat e null (/ =- 212" F), the ia f io of 
expansion beunj 5-1 If thne ate 1 -3 1 cubic feet of steam per pound 
at the inlet pressure, nhut mil be the efficient y on the Iianhine- 
C la us i us cycle ? 

Taking from tables i l t 1 , ISO, we have-- 

1-55 KG (100 - 5 • 4_X 14*7) 

>i - iq 80 “ (2i2~--';32y 


I -5f) 1 *3 1 X 20-G 

HOCK) 


•m 


- 13 9 per cent. » 

(2) From Consideration of rip Diaqtam The work done 
per pound of steam is represented by the area A 15 C 1), and the 
heat supplied is represented by the area E 1) A B G, and is 
equal to (H, — s e ) or (L t + r t — T e ). 

Now the area A B C D — area A B C II - area D A H 

= (r- — tA -I area ED AF 

Ti ' -area ED HF. 

But area E D A F — increase in heat of water from r e to Ti 

:= ( Tl — T«b 
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Area E i) II F - E 1) x 1) II 


Work done 


Ellin.' 


i r ‘ 

— Tc I OUc - ' . 

' T, 

Jt {Ti - T,) ; {T L - Tf) ■ T e log t . ' 


(T, - T r ) j^l -j’ ~'J - Te loo 4 J- 1 . (1) 

w ork don. 1 
work supplied 

(T ( T,)(l i Te log, • 

T '/-- --^.(2) 


T i 


Forjappioximate cal. ul.if ions, m winch it is incon\ enient to 
calculate I) v h \ pci ho lie h>i»u r it h ms, the w 01 k doin' uni \ l)e oht a ) ni'd 
fiom a T (/' chart foi steam, such as that lepioduced on p 23, 
as follow s 

Measure A B and I ) .) on the diagram 


Then work done (r, - - t>) (1 | A B) - r e . I) -I. 


Numerical Example. Take the same example as worked on 
p ti<), and determine the elliciencv of the cycle by means ot 
the .'ntropy formula 

WV have, as before, L t . r 4 T e lb -- s e 1,000 1 ) Th l T . 

* B(. -- 1,180 — (828 82) - 881. 

T t — Te --- 828 -212 llti. 

t l 828 I J61 - ; 78!). 

Te -- 212 j 161 678 


1 -f 


884 
789 : 


- 2-12. 


log* 


•Ti 

Te 


— 2-3 (log 789 - log 673) = *159. 


116x2-12- 6-73 x *159 

1 ,000 


•110 


- - 14 0 per ('ent . 
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This agrees vvitli tin* prc\ ions result to the decree of accuracy 
which is possible in calculations of this kind. 

Comparison with Carnot Efficiency. The Rankine-Clausius 
cycle is not a icxeisible one, so that its efficiency must be less 
khan for the (’at not exele for the same , + empeiature limits 

In tin' numeiical e\ani]>le which we have just considered, 
we should have 


Carnot eflieieney 


T, ~ T ,> 


T< 


116 

786 


•M7 == 14*7 |ier cent. 


In view of the very simple cah illation lequired for the* Carnot 
efficiency, and of the fact that all calculations on the thermal 
eflieieney of heat engines are iieeessanlv only appioximate,' it 
appears doubtful wlu'ther the Rankine-Clausius is a better ideal 
standard of comparison than the Carnot In practice the actual 
thermal eflieieney seldom exceeds 60 per cent, of the Rankine 
efficiency, and it is often very much less. 

Rankine-Clausius Cycle with Superheated Steam.- if the 
temperature, of superheat is t s and tin* specific heat of sillier- 
heated steam is k (see p. 57, Vol. I . for values of k), we can 
calculate the efficiency of a steam engine working upon the 
Rankine-Clausius cycle by imams of the x (p diagram, as follows . 


Hen 

lb 


it supplied per ) 
b. of steam ) 


Work done per lb. | 
of steam / 


• Tf ~f — Tc - k t $ . , , (1) 

area A B H K D 

-- area A B C D -\ area B If K C. . (2) 


We have already shown on p. 67 that — 

Area A I! CD ! r, - r,H I - L ‘) - t , Io<i, t *. . (3) 

\ Ti / » Xe 


Now area BHKC - area G B II L - area G (VK L 


- - k c — Te k log t . T ^~~ — -. . . ( 1 ) 

Because G B H L represents the total increase of heat in passing 
from dry saturated steam at r» to superheated steam at (r t -f- t 3 ) 
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Lecture IV. —Questions, 

t < 

1 . Explain the cycle usod in Stirling's rogonorator air engine, showing 
an ideal indicator card. 

2. Show that on theoretical grounds the efficiency of an ideal gas engine 
working between temperaturos T,,, Tj, and T 0 of oxhaust, explosion, and 
compression respectively is 



3. An engine compressing to 21 b lbs. per square inch turns into work 
38 per cent of the heat supplied. Compare this with an efficiency of a 
similar engine working with constant specific heats, all heat being added 
at constant volume and expansion, and compression being adiabatic. 

(V I 11 .) 

4. In an ideal air engine receiving heat at constant pressure (specilic 

heat 0 2375) and rejecting heat at constant volume (specific boat b lth)), 
the expansion and compression aie adiabatic, and the ratio of compression 
is 15 and of expansion is 7. The tcmpciatuio at tho beginning of com- 
pression is lb4" b. (72 ). The pressure at. the beginning of compression 

is 15 and at iclease 15 lbs pm square inch absolute Kind the work done 
pur pound of woilung substance. Diaw tho x -9 clout, lindiug tliieo points 
on the heat admission and heat injection lines 

5. Calculate from the steam tables the maximum woik obtainable 

fiom l lb. of diy saturated steam when woikmg between pleasures of 
lbb and 2 lbs. per square inch absolute (a) on the Kankmc e\clo, (h) 
on tho Carnot c\ele. Account lor tin* dilToieuce obtained , 

<>. Find an expression lor tho efficiency of an ideal engine wanking on 
the Otto cycle, assuming air as the working substance, and (he specific 
heat constant. Compaio on a tempi'rature basis the efhciencv of an engine 
working on the Carnot i:\clo with an engine woikmg on tho Otto oxclo, 
between the same limits ol tempoiatuie. ’ 

7. (Superheated steam at a pressure of 15b lbs. per square inch absolute 
and tcmpciatuio 458’ K. (230 7" (A) expands adiabatic ally to 3 lbs por 
square inch absolute; assuming tho Rankino c\clo is followed by this 
steam, determine the pounds of steam requited per horn per horse-power. 
What is tho diyness of tho steam af ter expansion ? 
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Ll< tori: IV. A M.hsi’C K Questions 

■> 

1. The* following results were obtained from 1 !io test of a oas enurne 


working on the Otto c\ele 

J)m at ion ol test in minutes, . . 00 

Indicated hoise-power, 100 

'Total mis used m cubic tret, 3,K2) 

( 'aloritic \ cilmv ol uas per <. ulu. loot. If Th l', 550 


(’leaiance volume, 15 pri tent ol piston displacement 
Find tin* thei nial ollu iene\ and the ellu lrnrv -rat io ol tin* rmiiue 

2. Find the woik done per pound ol steam lu a steam engine woikini^ 
on tlm Kankme < \ i I<* between . i » » J T and 152 F How main pounds 
of steam an* icquiied pei hoisr-powri, mien the inflow un„ r table ' 


I i mp> i at in i 

.502 

1 52 


I ait i c > i . s nt 1 Hi 
Wat. r 
0 510 
0 2 1 K 


I (it ll I ,Ht; M)p\ of 
1 II. ol St. nil 

I olid 

i soo 


I! I’se tin* iollow mt; table to diaw a tern penituie entmpv diatriam, 
and I mm if hnd tin* woik done pet pound of di v steam l»\ a pt*i let t one mo 
working on the ItanKuu* < \ele bnfweeii 150 lhs pn sipiaio inch ;md 10 llw 
] ci sijuai e m ell .ihsolu to juessuios. Also (let n mine I lie il I \ ness o| the steam 
‘ittei expansion 


Pi. -oh ll.- p. i 
s.yi ir< In. Ii 


I . nip 


r e HU 

1 


I III [Mp\ Ol I III 
ol \\ at. i 


1 lit .1 I lit I o p\ ol 
1 11. ol st. am 


150* 

10 


550 


2 1 »; 


0 51 f 1 500 

0510 1710 


1. V hat is the dilleienre betw ecu the theniet leal Otto and Diesel e^ < les v 
Whieli is t lu'f net u all\ the most olhuent, assumin'; the same latio of 
compression m hotli i ases * Which is pi ,ict h ally the most elheieat, and 
why v • 

5. Assumm; constant specific heat, sk<*t< K the theototieal Otto cycle 
both on the p < and oil the :o dia;iam, and explain the meanin; <0 each 
line Supe inn pose in each ease dia;iams that- mi;ht ho obtained from an 
actual en;me, statin^ the causes ot the dilTeionces between the actual 
and the theoretical diagrams. 

0 KxpUni the terms specific h(*at- at constant \olume, and sprulie 
heat at constant pressure. What \iows aie now held as to the variation 
of these specilie heats with tomiioi.ituie and with pressure m respect of 
the products ot combustion ot a ;as engine ? 
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7. In an ideal online cycle with constant admission and back pressure 
and cmves ot expansion and compression pi" -• constant, show that 
the amount ot clearance lias no effect upon the elDcioucy, provided the 
expansion is earned to the lower and the compression to the huffier pressure. 
What are the effects of clearance and compression m ordinary engines v 

8. In an engine working on the Rankinc* Clausius cycle, the steam being 
dry saturated at entry, tlie limits of temperature are 1144' F. (latent lieat 
880 B Th.F.) and 12(>’ F. (latent heat 1,020 B.Th.lh), the thermal effi- 
ciency is 2. r > pm emit. Jf the steam is sn pm heated 200 ’ F. at inlet, calculate 
the additional work done and the thermal efficiency. Fxplain why the 
addition o! heat as supeiheat gnes proportionately more work (I) m 
theory, (2) in practice 

0 In a tins mimue woikuur on the Otto cycle the clearance yolumo is 
one-thud ol the volume swept by the piston per stroke Find the thermal 
effii imie\ ol the eoi icsponding ideal an cycle Find also the mean piessure 
in the ideal < \ele ll the picssuio at 1 1 1 <‘ beginning ol compression is id lbs. 
per square inch an<l ll the maximum piessuie is tlnee times the piessure 
at the mid ol compression. Take the iatio ol sjiemlie boats as 1 4 

10 Fuel an expression for the woik done per pound ol steam by an 
engine woiking «>n the Rankinc cycle An eiunno working oil this cycle 
rmmvVs steam at .'{70 F. and icjeetsit at 120 F., and uses Hi lbs ol steam 
pel hem pm mdicalcd hoise-poum (omparo the efficiency of the mriiuo 
xx it h that ot a theoretically perfect emrine, yvorkmg on the same cycle 
and between the same temperatures. 


ll. Kind the thermal efficiency ol the Caiuot cycle, and also of tho 
Rankinc mmine lor tho lange ot temperature ol T x to T\ What, is meant 
by the teim “ efficiency iatio " ? 


12. I hove that the thmmal offimeney of tho constant yolumo gas 
T, T 


cycle . 




, whore r F , is the absolute temperature ol t ho charge before 


compression, and T, is its absoluto tomperaturo of tho charge altel com- 
pression. 
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FLOW OF STEAM AND GAS. 

CoNiLNis. -Flow u| (das or Strain thiouuh a N0//I0 <u Ouhco Flow of 
Steam tluonali a N0//I0 m Onlue < oiwdeted Iioiii tin* 'l’ot il Heat 
<>t tho Strain -liatio o( Fic^uies tor Mavmiuin l)rli\oi\ Ma\nnnm 
Ihschamo and Veloutv toi Strain --Xninrnral F\aruplrs l)rsc_u ot 
Stoam N0//I1") -Flow <>| Steam tluouali Idpes Tabulated Values - 
Fossrs < Luo to Fil)ou>, Valves, etc Xumeiieal Hxamplr Idow of 
An tlnouudi 1*1 j ><_ -> — Questions 

Flow of Gas or Steam through a Nozzle or Orifice. Suppose 

that stoam or gas flows limn one section 1 at piossuie yq to a 

second section 2 at lowei piessiire p, and suppose that tin* How 



is adiabatic. Then the work done in the adiabatic expansion 
must all be expended in increasing the kinetic energv of the * 
fluid so that if tq find r 2 lepresent the \elocitics at the sections 
1 and 2 so that if a unit quantity passes, having volumes V, 
at 1 and V 2 at 2* we shall have - 

Increase in kinetic energy . — . . (1) 

, 2 ff 

Each unit quantity enteimg section 1 lias work doin' on it 
"bv the fluid behind equal to Vj, and m passing out of space 2 
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it does work on the fluid in front of it equal top 2 V 2 , and the work 
done in the actual adiabatic expansion (see equation (6a), p. 11} 

, p, V, V, V 2 

is equal to — — - 

y i 

Increase in kinetic energy total work done oil fluid 

„ v . . v v - nlc j’iX* 

Vl 74 - (y — 1) 

2*2 V,). (2) 


But in adiabatic expansion, 

viV 


r 

v- ' 
/> 2 vJ 


V., ■ 




Pi Vj 


Wo, therefore 4 , have* 


2 '/ 


(y - - 1 )' 


lh V, 

PSiC' 

Ih 

V 

,{i N: 


- ; V\ V 

■ { 1 - (£ 

l \]V 

V 1 
V\ » 1 l 


{ 

■P \ ' 

for the 

adiabatic tl 


IV ! 

1 


/ 


• ( 3 ) 

;f !l K ;ls ) 

and it makes no allowance for loss of energy (hie to fnction 
In the ordinary case of nozzles or orifices aiding m piaotice, 
the velocity v ]t in the container m wlucli the pressure is 2h, is 
negligible, so that we 4 have for the outlet, velocity of the jot— - 


/ 

\f (} 


(v~ 1) 


•Pi Ml 


1 p 


7 t 


U) 



RATIO OF PRKSSURKS FOR MAXIMUM !>KLI\hKY. 


Flow of Steam through a Nozzle or Orifice considered from the 
Total Heat of the Steam. Tin* velocity ol steam pacing thiough 
a nozzle can also be asee, tamed fiom a consideiatum of its loss 
of total heat, assuming adiabatic expansion li 11, is the total 
heat in thermal units per p<iimd of the steam heloie it, passes 
into the nozzle, and JI> is the total heat as it emeojes, then it 
the initial velocity is negligible, we shall have 



The values of II, and 1I> can In* < onv ement 1\ obtained b\ 
means of the Molliei diagiam othei v ise v\ e mav uoi k as tollows, 
taking*./, and ,/ > as tin* drvnes> (mdlieient of tin* steam beloie 
and after expansion - 

li, ,s i 'A 

h> -s, ; ,-t. 


can be obtaine/l b\ means ol the r rp ( hail I < > i steam in the 
manner indicated bv the diagiam on p 2 b 

»»*• if t, and T, .ne the coi i espondmg t em pm at riles we shall 
ha\. - t, t,. and b\ equation (S), p. 2b. 



Fiom this wo can calculate j, oi substituting m equation ( ♦> ) t 
we shall have - 


? V r r 
• 27 ; ■ •' •: T ' 


/ I I u ) 

T, ) 


•' k t '’-' t - : : . 1 - ' r lj ' ) - u |o -' l\ ! • ■ (T 


Ratio of Pressures for Maximum Delivery. If \ h the area 

of the orifice at the point wheie tin* veloutv is m, the weight 
AY discharged per unit of turn* will be given by the t <* la t ion 

volnim* dischai ged pci unit time A 

volume of unit weight V 2 * 
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Moieover, v, ^ ^ 

Kiom equation ( 1) 



A 


W 


l 


(V ! ‘ 


' r ->) 


t;:;/ e 

j -Vr //'jN t /'i v < < i . ( 7 7 1 

Vi-/ n U/ ve < V' ) 


i 


-'/ 7 


"■'cr-c;:) w « 


(r >) ^iV/v 

i maximum when- 


V 

V 'll. 


Y is a maxin 

Vi ' 


1 


Vi, 


If we write ( ~ niessure ratio r p . we shall have a 

V L 

maximum ilow when ?.4 — V ^ ]s a maximum. 


, when 


7 / 1 -)" \ 

?>_Y) 


2 --1 i - 

?.e., when — r«Y — 1 4 — >>Y — '> 

7 r 


i 


i.e., when 


i.e., when 


-~1 1 T : l1 

r /f Y _ y _ ?+ 1 

r 2 ‘ 2 

V 7 


Ui y + 1 


4Y 



NUMERICAL EXAMPLE*. 


i.e., " I»’i> r p Q : 2 ' j ! (J- 0 ' ) 

<rhf' 




Maximum Discharge and Velocity for Steam. For <h v saturated 
steam we may take y - 1 *135, and equation (9) gives — 


r v = *577. 


Substituting in equation (8) for this value, and taking A in square 
’eet, p l in lbs. per square inch, and V, as ruble feel ]>cr pound, 
•ve get— 


W (in pounds per second) 



( 10 ) 


Dr, if we take the area in square inches and the flow in pounds 
aer minute, we shall have - - 

Aex flow of steam in pounds per minute - - 18 A \/ 1 (13) 

V p, 

ltankine's approximate formula gave 


# Flow in ])ounds per minute -- 


6 A p, 


( 11 ) 


Substituting in equation ( l) the above values of y and we 
diall have 75 


V, max ~ - 70 s/pi Vj (J5) 

• 

Numerical Examples. (1) Plot a duu/unn sluunnq the maximum 
low of steam in founds pei minute passim/ throwfh an onfiee 
1 square inch m area) fiom a spare the picssutc in irhirh varies 
rom 50 to 150 lbs. per square inch 
In this case the area is 1 square inch, so that A — I. We 
vill, therefore, tabulate as follows •- - 
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On plotting these results we obtain the rune shown; fiom 
thi'' curve it will In* seen that tin* maximum How oeruis vvlien 
the pressure m the second chamber is (50 lbs poi squaie inch 
and is e(]ual to 85 -8 lbs per jninutr, thus agienng with tin* 
i esult w Inch we obtained m t In* prev ions example , 

Design of Steam Nozzles.- The velocity and volume of tin* 
steam both increase as the liow pioceeds tlnough a nozzle, and 
if we assume frictionless adiabatic How to occur, it is easv to 
calculate the form of the nozzle so that tin* area of eioss-section 
is equal to the volume passing per second divided by tin* velocity 
By this means eddying of the steam will lx* minimised. 

Suppose that w r e have steam initially dry at a certain pressure 
p v then the dryness coefficient x at any other pressure p, assuming 
adiabatic flow, can be calculated fiom Molher's diagram. 



We can also calculate the velocity by the relation 





.1 (H, - HJ, 


and, knowing the dryness coefficient, we ran find the volume 
per lb* of the steam 

In practice, the size of the nozzle at the narrowest section or 
throat is determined from the number of lbs of steam which it is 
required to discharge per minute. 

Then, by equation (13), we have 


A 


W 

18 


8 ; 


where A - area in square inches, 

W -- required discharge in lbs. per minute, 

Vj - volume of steam in cubic feet per lb , 

Pi — initial pressure of steam in lbs. per square inch. 


The area required at the outlet < nd at a given pressure can 
then be determined by the aid of the Mollier diagram in the manner 
previously referred to. 

r> 
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I)V continuing the expansion m a divergent nozzle, as used 
in the de Laval tuilnne, after the t hi oat is passed, the amount 
of the disehaige is not increased, but tin* steam is caused to 
acquire a gicatei exit velocity as it leaves the nozzle, because 
an moiease is given to the lange of pressure through which the 
expansion is ellective lor pioducmg velocity 

Flow of Steam through Pipes. Wlien a thud flows through a 
pipe nl < onstant < ross se< t ion there is a loss m pi assure due 
to hietion along the sides of the pi p<‘ 

lOxpemnents have shown the loss of pressure at comparatively 
low velocities is piopoilional to the squaie ol the Velocity of 
the lluid and to the length of the pipe, and is inversely piopor- 
t lonal tot lit' diameter of t lie pipe 



We may expiess tins in svmbols in th(‘ following mamuT . 

</), - ^ J -> •••(') 

when 1 f - a constant depending on the roughness of the pipe, 
v velocity of fluid in the pipe, 

(l diameter of pipe. 

7 id 1 

Nowg if the quantity flowing per unit time is Q, and A = — — 
is the aiea ol the pipe, we have--- 

a 71 ( ^ v 

y a . 


, , / 16. QU 

(Pi Pi) - n i d i/ d > 

r, tt W 6 (p, - p 2 ) 


y 6 (Px - 
V‘ f.i 



DI'.MCN or Mi’.AM \OZ/LI'\ 


Experiments sliow that the constant / mines slightly with the 
diameter of the pipe, and is appioxnnateh propoitional to 



The formula usually Used m practice foi the flow of >team is ** 
of the above type. and takes the form 



\V weight m lbs per minute 
1) weight in lbs pri ( ubie foot of strain 
/h> Pi ' procures at beginning and end of pipe in Jbx. 
per square inch. 

(I diameter of pipe m inches 
/ length of pipe in feet 


Vomiting to the handbook, Strain, issued b\ Alessm i>ab<mk 
A; Wilt o\, Ltd , it has been found m puitue that (lie most ( !li- 
( lent Speed tlnoiiuli pipes is as follows 

(o) Lor pi pi Ss up to b 1 lie lies 111 diaimter, To leet pel si (011(1 
io, aturat(*(l steam, and 101 ) leet pm sit mid fm xupmln aled 


-.team 

(b) Fm pipes .‘>1 to inches in diametir, PO leet per se< mid 
for s,it united steam and 1 ‘JO feet pel se< mid lor xiipi i heated ' team 

{<■) Fm ^lpex 10 inches m diameter and upwaids, P() leet pm 
second foi satuiated steam and 110 feet pm snond fm supm- 
1mm ted steam 

In using tile aho\r figure, it should be home ill mind that the 
volume per lb of superheated steam n orratei than pm Ih o| 
salinated steam m the following ratios 


.‘{no 

1 14 

The following table gi\cs the weight of steam flowing for 
1 lb. per*,squaie inch loss of prtssuie foi various diametms of 
pipe and pressures of steam for any other loss of pirssuie 
multiply bv the square root ot the pressure loss — - 


F. .superheat, 

• 

too 

150 

200 

250 

Volume ratios, 


1 15 

l j:i i 

1 50 

1 .‘SO 



8 t 


LECTURE V. 


3 § &- 

k P - 


QrtOOQOOO^^h ooot 

3 Mi'COi"<to^aOQ’ti '0 
rt >r tO (» j Jl i.O 'i ® C> h > 


ci ® i- h o « ci ui o s » o o 

l' 05 -H C) Mur, a MJD ^ o H M 


on w> © a i' >o ci -t oo on © w 

O h 'i 6 h O ® ob h r* IQ M I' 

© r-H r— © Q 0 »0 Cl 00 T* © 1 C o cc 

’fOI'XQOSlOOHHCiM’t 


Me' 5 t^ 00 C'‘I‘O©'MC 5 OCI©© 
O lO © t' c-l -( 50 c. 00 H Cl QC © 
nHQO’fo>co«t'Hiowo 
©^■rtiio©©©i.-t-~</ 3 ao©© 




co< 5 JcoQOOscocp'<ji«oq>qspH'?i 
h h h - ao h w oo o> m ic ifi 
HrtcDccoo«ino«o 90 on 
H H H H H :i m cki « ti m n 


h © a> co -t 


- C 3 © 00 05 ■» 


co co © co © r- r* i- © co <n i^- oo 
M 3 ) h IM « ^ 10 (O l> CO O) O Cl 


»fS ■•* © ■** ao I- ^ <N IM IO M »G OS 
h iO I- ><S rt O O W O l O t" I- 


tpOHNnOh^OOM^ 

io©abo>o©r-icicoM-i<io© 


C-l <N (M <N CO OS ■•* Tjl t* ** lO >0 © 


5 ao © f-i co ^ <o t 


-©©©©©©©©©©©© 



NT M K K 1 < A I. I:\AA1PLK. 


85 


Losses due to Elbows, Valves, etc. Tin- loss of head due to 
getting up t h(‘ velocity, to entenng the pipe, and passing elbows 
and \al\cs will reduce the flows given m the table f L'hi* insist a nee 


at entrance and due to a valve 
th.it i or a han’t h equal to ' 

l 

above table these eoi respond to 


d usual t ' 


may be taken as 


Fl>l‘ tile sl/e- 


Diameter ol pipe, * 1 11 2 2f .> t | 5 tl S It) 12 15 IS 

inches. 1 

> , i 

| Kfc|iu\ alent length 2(1 25 :u || 17 ;,j nu m, 71 70 SI SS 02 05 

I m (bametem. , 


The resistanee at an elbow mav be taken as equivalent to 
lepfdhs equal to two-thuds ot the above value-. 

Numerical Example. pifion t/ial the hot w - pon t , 1 1 u iisimfh if 
in <i s (rum pipe nut if hr lalcn uppmi nnoh hj o* hi or thr fhw of 
tslmni m pounds pc i in i mile 

11 a volume \ r cubic leek at pleasure p 1I.S -ft ^ I ias.se, s m a 
minute, the work done pel minute p Y It. -lbs 


lioise-pow cr 


P V 

T3,(XX)' 


•. it the weight passing pel minute \V, and the volume 
oi steam pet lb V,, the volume V W Y,, and we have 1 , 
if P IS the fuessuie per squaie inch, 


1 Imse-pow er 


lit p V, w 

:i:iJ it to 


a W 


Now tubulate tlie follow mg values fiom the steam tattles — 



Ah 

" 

50 

; 8-42 

1 84 

UK) 

i 4 10 

1 02 

150 

a oi 

1 07 

200 

I 2 20 

2 00 
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Thu abovu rule, therefore, which status that a is approxi- 
mately equal to 2, is proved to lx* correct 
Flow of Air through Pipes. When air Hows through pipes or 
conduits a loss of pi assure occurs owing to the friction between 
the air and the interior surfaces of rftlie pipes. Thu resistance 
due to friction is generally considered to be propoitional to the 
surface with winch the air comes m contact— that is, for equal 
volumes passing, flu* loss due to fnctiou vaiies directly as the 
length of the pipe and inversely to the diameter of the pipe. 
The loss also varies as the square of the velocity, and is best 
expressed by Weisbaeh's well-known formula - 




J 

d 


r l 2 

v 


In wdiich / coefficient of resistance of friction determined by 
experiment, 
l ----- length of pipe, 
d --- diameter of pipe, 
v __ velocity of the air, 


<1 - acceleration due to gravity. 


This is a variation of formula (1), p 82. 

The value* of “/ v natuially controls tin* lesult, and this co- 
efficient depends both U])on tin* material ol which tlie pipe is 
constructed and tin* nature of tin* internal suilace. Jn the case 
of a gal vanised-i ron pipe, which has been eaiefully made and 
erected with all internal laps extending m the direction of the 
air movement, tin* following formula*, with constants in lound 
numbers, have been deduced, and are employed by the Sturtevant 
Engineering Co., Ltd , from the general formula mentioned 
above : 


1 

P " 25.000 d 


V 25 ,ooo d ]) 


l 25,000 d p l v 2 

v 2 ( 25,000 p 

In all of which p loss of pressure in ounces per square inch. 
v -- velocity in feet per second, 
l -- length of pipe in feet, 
d = diameter of pipe in inches. 



FLOW OF AIR THKOUUFI PII'KS. 


NT 


If we take the weight of 1 cubic foot of air in round numbeis 
as 0-08 lb., and express the area of tin* pipe by A. the horse- 
power lost in friction in a pipe 1 ( K) feet long may lie detennincd 
by the formula 



By means of these formula 1 tin* loss of piessnre and horse- 
power lost m friction may be easd\ cahulafed lot anv si/e and 
length of pipe with ail travelling at eiilhuent \elocdies e\- 
] tressed m feet per minuter "No allowama* lias bean made lor 
differences of tcmpeiuturos Itetween one end ol the pipe and 
the •other. In practice this is usually xeiv small, and <an be 
neglected. 

For any other length of ]tipe other than 100 leet the loss of 
pi essure and horse-power icquircd will be dues tlx piopmtional 
to the length By working out a numbet ol examples oi bv 
plotting euives from the aho\e lorniuhe the desuabilit x of making 
pipes ot ample area will he emphasised Suppose, Joi example 
it is desired to move a gixeu volume 1 ot air such that it passed 
through a ti-inch pi])<‘ it will give 1 a xe-loeitx ot 1.000 leet pel 
minute, tin* horse-power lost in Inetion aermdmg to the tomnila 
would be* 0 63 B). If tin' same xoluine xx ere passed thiough 
a l‘J inch pipe, which, of couise, has tom times the area, the 
velocity would only lequire tola 1 one-lourth as gieat or 1,000 leet. 
pen* minute, and the loss in hoi se-pow er, aecoidmg to (lie loimula, 
would* onlv be 0*0108, or one 1 1ni t v-s« eond ol that rxpended 
in overcoming the resistance of a (j-ineh jape 

It is, of course, quite possible, and indeed deniable, to design 
the pipe for passing air so that it is the most satisfactory [torn 
every point *of \iexv, both as to fust cost and as to the poxxcr 
required to move the ail* through tie* pipe The best solution 
is obviouslv that which satisfies both conditions simultaneoudx 
In many cases, osj^eially when larce volumes ol air have to be 
passed through pipes of considerable' length, veiy carc'ful cah il- 
lations should be made, m order to make siuc* Ilia I tlu* design 
to he adopted fs the most economical one possible* 

It should be noted that the formula 1 only give the hoise- 
poxver which is absorbed due to the fnctional nsistanee For 
moving trfie an* the power required f<u ereatinu the neeessiiy 
velocity must, of course 1 , be* added to that which will be* lost m 
friction, in order to arrive at the total powei mnessirx The 



LECTURE V. 


vtjt.j.mic or kinetic energy should, of course, be calculated from' 
" the ordinary formula — 


* where H the head required, 

J) = - density of the air, 
v -- the velocity of flow, 
a = acceleration due to gravity. 
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Lecture V. — Questions. 

• 

1. If steam at pressure (gauge) of 200 lbs. per square melt and counter- 
pressure 24 lbs. per square inch absolute is expanded adiabatically m a 
turbine nozzle, find the velocity ol discharge of the steam and find the 
number of lbs. of steam per H P hour, if the steam leaves a perfect 
De Laval turbine ivith 34 per cent, of its initial velocity. A ns. v — 3,780 
feet per second ; 10 lbs. of stoam per hour. 

2. Find an expression for the flow of steam through an orifice, neglecting 
friction. 

3. Show how to determine, by aid of a t cp diagram, the dryness fraction 
of steam when expanded adiabatically. Dry steam, at an initial pressure 
of 100 lbs. per square inch absolute, is expanded adiabatically down to 
20 lbs. absolute in a nozzle, which allows 1 lb. to pass through it per second. 
Determine the dryness of the steam and the sectional area of the nozzle 
at the lower pressure, using the data given in the accompanying table 


; Unwin- 
1 ,n 



Volume 

! pouniK 

Tempeintuit' 

Total m-.it 

fi< t 

sq ill 




20 

108-9° (’. 
(228° F) 

043-2 ((MI U.) 
(1,157-8° F ) (B T.U.) 

20 0 i 

100 j 

164 2 C. 

662 0 (CMI.U.) J 

444 i 

1 

(327 6° F.) 

(1,191 0° F ) (B.T.U.) 
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Lkctlkk V. — AAT.Tnst.C.E. Questions. 

r 

]. A diveigmg noz/le is supplied with superheated steam at a given 
pressure, and expands the steam to a lower pressure, at which the quality is 
given. Show* how to calculate the diameter at the throat and at exit tor 
a given discharge and how to deteimine the velocity ot the steam at exit. 

' 2 Saturated steam at 100 lbs. atmospheric pies sure (l — 327-0 V.) is 
allowed to expand Irom one vessel to anothei, meteasmg its volume iive- 
tohl. Assume the vessels to have non-conducting walls and that the 
steam was initially dry, llnd tin* poicentage ot moistuie at the end ot the 
process Tho volume ot the watei nun be neglected The specific volume 
ot saturated steam is given b\ the equation - 

Log,, 2 510 - 0-939 log p. 

Latent heat ot evaporation 1,092 — 0-7 ( t — 32). 

Lower tempeiature - 225° i'\ 
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MECHANICAL REFRIGERATION. 


Contents — L ieversed Heat Emmie" as KehimM.it nm Machines Co- 
eflieient ot Perlornumcu- -An lid mg .Machine's- The Itell- 
( Pieman Machine — ' Vapour Krt iigeiatmg .Machines- Ideal < ’< xdl u and 
<>t IVHoimanco «>t V.ipoui Pel i is^eiat mu Machine* -Thiee SI, unlaid 
Cases- Typical Description of Yapoui Compression Machines .nlopled 
in Practice— Tho Production <>t Yoiy Lou Tempoiatures ( v )ucsli<ue 


Reversed Heat Engines as Refrigerating Machines. - The oidman 
heat engine, as we have ahead} wen m studung the second 
law of thermodynamics, takes heat tiom a hot bod\, peiloims 
work, and rejects the remaining heat to a cold body. 

If a heat engine lie rexeised it will absorb Iieat liom the cold 
body and will tiansfei it to the hot body Acemding to one 
manner of expressing tin 1 second Jaw ol ther mods na lines, heat 
cannot be transferred iiom a cold body to a hot bod\ without, 
the expenditure ol work, and it is this wmk that, the relngeiat mg 
machine has to pcifonn 

A n 1 1 igcrating maeliine, theieloie, beais tile same relation 
to an ordinary heat engine as a centiilugal pump does to a water 
turbine 4 for this reason relngeiating machines me often icteiied 
to as *’ heat pumps ’ 

Coefficient* of Performance. The most eeonomual lelngeiatmg 
machine will clearly be the one winch will extract the greatest 
number of Iieat units from the cold bod\ lor a gi\en expenditure 
of mechanical work. 


.... . Iieat extracted 

I he quantity . , , , ls ealled the (<)- 

“ woik expended m Iieat units 

efficient of pn fi» manfe (P ( ) 

It follows from the second law of thermodynamics that if 
x h is the absolute temperature of the hot body and r t is that 
of the cold body, tile maximum possible cocllicient ol jiciioimance 
will be — 



( 1 ) 


For an engine, therefore, working to a given lower temperature 
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M' 

T c , the most efficient arrangement is that in which the rang#' 
of temperature is small. 

To cool a large quantity of a substance through a few degrees 
will require much less energy than to cool one-tenth of the 
amount through ten times as many jlegrees, although the amount 
of heat extracted is the same in both cases. 


Cold Chamber 



Air Refrigerating Machines— The Bell-Coleman Machine.— 

Refrigerating machines are of two main types— those employing 
air as a working substance and those employing vapour? 
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In the Bell-Coleman machine, whicli was at one time used 
in many frozen meat steamships, the cycle employed is prac- 
tically a reversed form of the Joule constant-pressuie cycle. 

The machine draws air from the cold chamber and compresses 
it ; the heat resulting fronj the compression is removed by 
passing the compressed air through a cooler. The compressed 
air is then expanded and becomes chilled in the process, tin* cold 
air being then returned to the cold chamber. The amount of 
work which has to be expended in maintaining a certain tempeia- 
ture in the cold chamber depends, of course, upon the leakage 
of heat into it, and, therefore, upon the heat-insulating qualities, 
of the walls of the chamber. Hollow walls with the eawties 
filled yvith powdered cork are commonly employed in practice. 

The indicator diagram shows the cycle of operations, which 
' can be summarised as follows 

(1) Air is drawn in to the point 0. 

(2) The air is compressed adiabatically to B. 

, (3) The compressed air is driven into cooler and passes into 
the expander, the volume BE having contracted to E A, due 
to the cooling. 

(4) The cooled compressed air is expanded adiabatically to D r 
and passes into the cold chamber. 

It will be clear from the analysis of the constant-pressure cycle 
given on p. 62, the maximum possible coefficient of performance 
of this engine is given by — 

. Po = _I’L_ = _IS_ , - } . 

Ta ~ Tv T u — T C Y“ 1 
• r — 1 

Numerical Example. — Find the maximum possible coefficient 
of performance, of a Bell-Coleman refrigerating engine irliieh com- 
presses from one to four atmospheres , the temperature after com- 
pression being reduced to 60° F. How much ice from and at 32° F. 
* can be produced per I.II.P. hour? 

Referring to the diagram on p. 92, we have 
r A 5= 461 + 60 = 521. 

• y— 1 -4 

i2 = ( ph . rr ( 1 v* 

Ta \}>»/ VI/ • 

TD = \ ~ - 350° Fah. = - 111 0 F. 

41 4 



1. U. l\-hour 


33,000 / GO 
77S 


B.Tli U. 


2,550 B Th I' approx. 


The heat to be deducted per II). from and at 52 F latent 
heat of ice =- 1 12 B Th F 

Now, heat extracted work expended >' coefficient of per- 
formance. 

If x lbs an* conwrtcd into ice 


112 r 2.550 
2.55n 


2 05. 
2-05 


36*8 lbs. 


Vapour Refrigerating Machines.- In most modern refrigerating 
machines tin* working substance, instead of being air, consists 
of a liquid of low boiling point such as carbonic acid or carbon 
dioxide (C0 2 ), ammonia (N]l ;{ ), and sulphurous acid or sulphur 
dioxide (SO,), tlic theimal [>ropeitn*s of wdiich aie given on 
pp. 10-12. 



Those engines,* therefore, correspond to steam engines, and 
they usually follow' a cycle corresponding to the Rankmc-Clansius 
cycle run backwards. 

At this stage we will remind the student that there is thermo- 
dynamically a distinction between a “ reversible ” cycle and one 
* See also diagrammatic view on p. 99. 
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which can be worked m a reverse direction. The, ltankine- 
Clausius cycle, for instance, is not. “ reversible *' in the sense 
defined on p. 12, but it tan be run in the re\erse direction, 
for a cycle to be ‘‘reversible,” all the heat must be taken m at 
the upper temperature limit , and all the heat must be lejectod 
at the lower temperature limit. 

The essential portion ot the machine consists m the cvhndei 
or compressor, the condenser, and the refrigerator or evaporator 

The first portion of the cycle is represented by DC on the 
diagram, and consists m the outward movement of the piston 
thus drawing vapour at piessuie p, and tempeiature To into the 
cylinder. During this phase the valve V 1 is closed and the 
valve dV 2 is open. 

The piston then moves in and compresses the vapour appioxi- 
mately adiabatically until its pressure is p,, both val\es V, 
and V 2 being closed, tins operation is represented b\ CH on 
the p V diagram. The val\e V, is then opened and the vapour 
passes into the condenser . this condenser is usually kept cool 
by water surrounding a coil of pipes constituting tin 1 condenser, 
and the heat generated by the compression is withdrawn bv tin* 
waiter, so that the \apour condenses under the pressure to which 
it is subjected, this phase is represented by B A on the pV 
diagr ini. 

To complete the cycle, the valve V, is opened, and an amount 
ol liquid equal to that wdiich has been added bv condensation 
passes down into the refrigerator, the piessme falling from p, 
to p 2 , Dus stage is represented by A 1) on t he p V diagram. 

Ideal Coefficient of Performance of Vapour Refrigerating 
Machines.- We can deduce the ideal coefficient of performance 
for a refugerating machine working according to tin* evcle pir- 
viously described by the following consideration of tin* tempera- 
tui e-entropy diagrams 

Three cases should be considered : — 

(1) Vapour wet at end of compression. 

(2) Vapour saturated at end of compression. 

(3) Vapour saturated at beginning and superheated at end 

of compression. 

Corresponding to these three cases we have the compression 
lines 0, B p *Q 2 B 2 , and B } on the r cp diagram. 

The work done in the compression cylinder per cycle in the 
three cases is represented by the areas A F C, B p A F C 2 B 2 , and 
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AFC 3 B 2 , and the total heat taken from the refrigerator per^: 
cycle is represented by the areas F G K x C 1( F G K 2 C 2? and 

F G K 3 C, 

But as the liquid at temperature x x passes through the throttle 
valve into the refrigerator at temperature t 2 , it will give }>a!ck 



Ideal Temperature-Entropy Diagram for Vapour 
Refrigerating Machine. 


thereto an amount of heat equal to 5 (xq t 2 ),. where s is 
the specific heat. This heat is represented by the area F G J D>. 
so that the net area withdrawn per stroke in the three casekj 
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will be represented by the areas 1)JK 1 (\, D J K., C 2 , and 

DJK.3C3. 


Case I . — Vapour Wet at End of Compicssion • — In this ease 
the closing line of the r (p diagram is Bj, the dryness coellicient 
x at the close of the compression being represented by the fraction 



We then have — 

.. m . , _ heat extracted 

Coefficient of performance - - r 0 - — — 

work done 


area 3) «J K t C, 
area A V G\ lij* 

Now, area D J K x -- area F G K x ( area F (1 J 1) 

- area F G 11 F | area F II K A ( 4 , 

- area F (J J 1) 

=- F G (F F -(- h] GJ - s (r t — r 2 ) 

-- Ti (sU^T'* ' ^ j -Gb- Fd (1) 


And, area A F C L — area A F (4 13 -1 area A Jl Kj B, 

area F (J K 3 (\ 



Case 1 1. — Vapour Saturated at End of Compression . — In this 
case we have — 
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/!> • , r r arcaDJK 2 C 2 

( oelricient of pertoiniance - r c 


T 2 C« log, l' + ) - S (Tj - Tj) 

^ T 1 { 

(s i- (Tj -- Tj) - S Tj log, ^ 


( 4 ) 


'Fins n'sult is obtained by putting x — 1 in equation (3). 

Case, III. -Vapour Saturated at Beginning and Supeiheated at 
End of Com/piesswn. In tins ease we have - 

Cmdllcicnt of performance Po ~ ~~“r n! r%~ir* 

area A h ( 3 B 3 B 2 

Now, if s' is the specific heat of the superheated vapour and 
t is the amount of the superheat, then we shall have- - 

T, ;l t 

T, 


Ko 1\ 3 

C 2 (A -A log. 

Area B 2 K 2 K 3 B., 

« l t. 

Area 0., K.> K., F, 

i i T i -i“ 1 

t 2 log,. — . 

T i 

Area J3 2 (\ B 3 (\ -- 

■s' t - Tj s' log, il 

Area D J K., F, 


— area 1) d K > ( \> 

(- area F 2 K 2 K 3 ( 

------ Tj C*log, ■!- 

- lN )— S ( Tj — T 
T 1 / 

- Tj ( S log, Tj j 

v r 2 

■ s' log. T ' r ) 

Area A F (\ t B 3 B> 


: - area A F 0 2 B 2 

-J- area B 2 C 2 F 3 ] 

w+iw- 

- To) — 5 T 2 log e -P 
t 2 

II 

— r 2 ) 4- s 1 f 


- r 2 ). . . (5) 


T, — t 


t - 0 loge 5^ si iogc Tj f~)- • 


( 6 ) 



TV PJCAL DKSCUIPTION OF VAPOUR COM PHKSSIOV M\C11I\KS h!) 


( ^efficient of performance l\ 

r 2 (sl(»^^ : s' log,. T| r ' ) *(r, 

) ( r, r.,) - s' t r,(.v log,. ?1 1 s' 1 
V " t . 
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Typical Description of Vapour Compression Machines adopted 
in Practice. WV an* indebted to Messrs ,f ^ K Jl.ill, Ltd , 
Hartford, Kent, for the following partieul. us of typical machines 
As a genei a 1 ju1< i carbon dioxide machines an* recommended 
for use on ships and ammonia machines foi land use 

The following diagrammatic llliist i at ion shows tin 1 essential 
paits of t In 4 pla nt 


POFHSOBE i WE 

CAUCE CAL'.e 



Tin 1 cycle of operations is as follows On the suction stioke 
of the compressor ]>iston a cha i ol .is is drawn liom the 
•eva porator and on tin* return stroke the gas is compressed and 
discharged into the condenser coil at a pressure sntlieient to 
cause liquefaction, tins piessure depending directly on the tem- 
perature of the cooling water The gas (niters tin' condenser 
coils at a Ifydi tem])crature and during its passage 1 through the 
coils is cooled to a temperature 1 within a lew degrees of the cooling 
water circulating over the surface 1 , of the coils, with the result 




100 


LKCTURE VI. 


that the gas is liquefied, the latent heat of liquefaction passing 
into the surrounding water. The liquid C0 2 or NH 3 then passes 
from the lower terminals of the condenser coils through the 
regulating valve to the evaporator coils, whor<* evaporation 
takes place at a temperature sufficiently below that of the medium 
to be cooled to allow of a reasonably rapid interchange of heat. 
The evaporator coils thus perform the reverse function of the 
condenser (‘.oils, the heat required to evaporate the liquid C0 2 
or NH 3 being absorbed from the surrounding brine solution or 
other medium, which is consequently lowered in temperature. 
The outlet terminals of the evaporator coils are connected to 
the suction of the compressor, the C0 2 or NII 3 passing in the 
form of a gas from the evaporator to the compressor and thus 
completing the cycle. 

Details of Ammonia Compressor. The enclosed type machine 
illustrated herewith is employed for small installations. 

The cylinder and crank-case are cast in one piece, the cylinder 
being fitted with a removable liner The valves are of the mush- 
room typo, and are arranged in tin* top cover, so that they can 
be readily withdrawn and replaced without disturbing the jape 
connections. The piston is of the ordinary trunk type, and is 
fitted with four cast-iron rings. The crank is of the overhung 
type, and the crank-shaft passes through a gland, which must, 
of course, be maintained gas-tight. The ammonia pressure in 
the crank-case under normal conditions of working is compara- 
tively low, corresponding approximately to the pressure in the 
evaporator coils, which again corresponds to tin* temperature 
of expansion. For ordinary cases, where the machine is main- 
taining a temperature of, say, 35° in a small cold chamber, the 
pressure would amount to about. 30 lbs. per square inch. Thus, 
with a gland of the rotary type no difficulty is found in preventing 
leakage of ammonia at this point. Lubrication of the machine 
is of the splash type, the crank-case being fitted with an oil- 
inspection glass, to enable the oil level to,, be maintained at the 
correct height. The machine is fitted with an oil separator, 
where any oil passing to the top of the piston and through the 
discharge valve is trapped before passing into the condenser 
coils. A connection between the oil separator and crank-case 
enables the oil to be discharged periodically from this vessel 
back into the crank-case. The crank-shaft is carried in an 
outer bearing, and is fitted with fast and loose pulleys for 
belt drive. 
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The type of condenser most commonly used with these small 
machines is the double pipe condenser, which is somewhat more 
economical in water consumption than a condenser of the sub- 
merged type owing to the counter-current flow principle, which 



NIL Reirigeiutino Machine 


A, Oil Level Indicator. 

B, Oil Separator. 

0, C ; Gau^* 1 *. 

D, Discharge to Condenser. 

E, Inlet from Evaporator 


F, Stop Valve (Delivery). 

G, Compressor Valve Covers. 

H, Stop Valve (Suction). 

I, Gland 

J, Suction Strainer. 
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is made use of, thus enabling a greater amount of heat to be 
discharged into a given quantity" of cooling water while still 
maintaining the condensed liquid at a temperature only slightly 
above the temperature of the condensing water, than is the case 
with the submerged condenser. 

The condenser consists of an innfcr coil of wrought-iron tube 
electrically welded into a continuous length and surrounded 
by an outer pipe casing, the condensation of the ammonia taking 
place within the inner coil, and the annular space between the 
pipe forming a passage for the condensing water. The condenser 
to be fitted with wrought-iron bar supports suitable for fixing 
either to the wall or on the floor. 


PLAN ELEVATION 



Hall’s Ammonia Refrigerating Machines* 


Vertical Smglo-Actmg Enclosed Typo. 

Where the water consumption is limited, a condenser of the 
atmospheric or evaporative type is supplied where the same 
water is continually recirculated over the coils, and the con- 
sumption of water is merely that lost by evaporation. 

The form of the evaporator depends on the purpose for which 
the plant is to be used, and may consist of direct expansion 
coils arranged in a cold chamber or coils fitted in a tank sur- 
rounded by a solution of calcium chloride, which may be pumped 
through piping fitted in the cold chamber. t 

Loading Dimensions and Data. — The following tabulated data 
of the machine previously described will be of interest to students. 
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i 

Size of 
Machine. 

A 

15 

i r 


11 


j 

E 1 

1 

3' 2 1" 

3' 2" 

3' 

V 

l" 

r 

i 

H” ! 

2 

3' 14" 

3' 04' 

3' 31" 

V 

3" 

r 

74" . 

3 

! 3' 14" 

3' 6 

' 1 3' 31" 

1 ' 

3" 

l ' 

74" 

4 

3' 14" 

3' 6|' 

' ! 3' 3]" 


3" 

r 

74" 

5 

' 4' 2\" 

4' oy 

' ' 3' 81" 

V 

41" 

i' 

lof" 

6 

, 4' 21" 

4' oy 

7 ■ 3' 81" 

V 

41" 

r 

m " ' 

7 

5' 2\" 

1 5' 4[' 

7 ! 4' 01" 

V 

0" 


9" 

8 

5' 2k" 

5' 4\' 

' 1 4 7 or 

V 

9" 

O' 

9" 


('OMlUtl’MsoK DKI'AIIs 


Si/e of 
Ma< him- 

i 

i ha m of ! 
Piston. I 

stioke 

K P M 

sin t ion 
<nnl 

Pelnei \ 

i 

i 

Pi i.i.i 

^ s 


! 



Pipe 

1 >i.i m 

1 

Ion, 

1 

H" , 

4" 

200 

1 " 
f 

O' 

0" 

3" 

2 

4 " 

6" 

140 

1" 

2' 

3" 

44' 

3 

4 " \ 

6" 

170 

1" 

2' 

3" 

4\ 

4 

4 " 

G" 

200 

1" 

! 

3" 

44' 

5 

5" 

0" 

170 

ir 

i 2' 

0" 

fli' 

G 

6" : 

6" 

200 

4 " 

2' 

G" , 

4' 

G4' 

7 # 

6" 

8" 

140 

4 /# 

. :v 

3" i 

8 

g" ; 

8" 

170 

ir 

3' 

3" 




J 

Ii i: 

M \ Iv I N < • 

CAl’Ai IT\ 

I’KK Ifol 1!" 


Si/e uf 

1 Kev Power 

. 

_ 






Machine. 

1 Tons i>i*i 1 
! Daj i 

\\ at ei 

W site! , 

i 

! \\ at el 

M atei , 

W.itoi, 



•»V J K 

<5V V 

| TV 1' 

1 

s,-» ■ b 

v 



Cuts, , 

Cuts 

j Cut*. 

< ut* 

Cuts 

1 

1 10 

8-0 

7-3 

I 6-8 

6*3 

5 6 

2 

! 1*6 

12 0 

110 

10-4 

9-5 

8-5 

3 

1 7t> 

150 

13 7 

130 

11*8 

10-5 

4 

2 0 

180 

16*5 

15-5 

14-2 

12-7 

5 

2-5 

j 25 0 

23 0 

21-7 

19-7 

17-5 

6 

30 

30 0 

27-5 

2G 0 

23 G 

21 0 

7 

\ 40 

1 40 0 

36 0 

32 0 

30 0 

24 0 

8 

, 50 

| 44-0 

40 0 

38 0 

340 

31 0 



104 . r LECTURE VI. 



Al'l'KOMMATl' 

iNTl.HNAL CVl'AOm 

in ci! mo I'kkt 

oi Cmamukr 

Size of Mat lime. 

- 

— - 



1 '1 (“mjH-iati' ( Innate 

Sub-1 lojm al 

Ti ojm al Clim ite 


ami (S in. 

Climate ami s-m 

and 10 m 


I Insulation 

Insulation 

1 nsulatinn 

1 

GOO 

500 

400 

o 

1,000 

800 

700 

3 

1,500 

1,300 

1 ,000 

4 

2,000 

1,800 

1 ,500 

rj 

3,000 

2,500 

2,000 

G 

4,500 

3,750 

3,000 

7 

7,000 

0,000 j 

5,000 

8 

10,000 

8,000 

7,000 • 



I’oWI-.R 

ItKjUlKLl) l'Nlil.lt ('OI.' 

Stokujk AMI I< 

K MAKINd 

Si/e uf 


IbMU'l'KiNS CoMl’JtK^SoR 0 11 0 


Mac him* 


<r>° K 

7a° E. 

! «-K 

| 

95" F 

1 

2-0 

2 05 

O ] 

2 15 

*) O 1 

2 

2 8 

2-0 

3 0 

3 1 

' 3-2 | 

3 

3-4 

3 55 

3-7 

3-85 

4 o ; 

4 

4 2 

4 4 

4-55 

4-7 

4-85 | 

5 

5-0 

5-2 

5, -4 

5*G 

5-8 

G 

5-6 

5 8 

0-1 

G-4 

G G 

7 ' 

G 5 

/ 5 

8 2 

8 5 

y-o 

8 

7 4 

8-2 

y 5 

10 2 

11 0 


The Production of Very Low Temperatures. An interesting 
application of the principles of refrigeration occurs in the pro- 
duction of very low temperatures for the production of liquid 
air. The modern method for producing .oxygen in practice 
consists in liquefying air and in separating rout the nitrogen, 
argon, etc., by the process of fractional distillation. These low 
temperatures are obtained by the expansion of Compressed air. 
The expansion may be effected against the piston of a machine 
working under load, when the work done by the air in over- 
coming the resistance to increase of volume involves an abstrac- 
tion of heat from the gas, with a consequent fall in temperature ; 
or the air may be allowed to expand from the initial high pressure 
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to the final low pressure by passage through a icstrieted orifice 
or valve, without performing external work. The first method 
is usually attributed to Claude, and the second to Linde. 

Claude Process. The aecompan\ing figure shows m diagram- 
matic form the principle involved in the Claude process 

The compressed air at a piessure* of '10 atmospheres passes 
through the inner tube a of the heat exchanger m to the expansion 
machine d. The expanded and cooled air then passes upwaids 
round the outside of the tubes of tin* liquefier l These tubes 
are sup] died with the compressed air at 40 atmospheres pressure 
from the tube a. This compressed air is thus piogressivcly 



cooled by the expanding gases circulating upwards until the 
temperature of liquefaction at that temperature about - MG' C. 
— is reached. 

Liquefaction then .commences in the tubes, the liquid collecting 
in the bottom of tJie liquefier, from which it can be run off by 
means of a cock The expanded gas passes round the tubes of 
the liquefier, a Ad thus attains the temperature of liquefaction 
of the compressed gas ; it then passes into the outer tube b 
of the exchanger, and thus cools tile incoming compressed gas, 
wdiich, therefore, reaches the expanding machine at this tem- 
perature. 

The cold air issuing from the expansion engine at a temperature 
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not far removed from its point of liquefaction, and at a pressure 
of about four atmospheres, passes to the outer compartment' 
A of the bottom liquid-collecting vessel of the column. It then 
ascends the vertical nest of tubes B leading from the top of this 
compartment, and which are immersed in baths of liquid oxygen 
0 and D. Here it undergoes liquefaction, not as a whole, but 
progressively. The first drops of v liquid formed at the bottoms 
of the tubes are considerably richer in oxygen than air, for the 
proportion of the less volatile oxygen in any oxygen-nitrogen 
liquid is greater than its proportion 
in the gas in equilibrium with the 
liquid. Higher up the tubes the 
liquid condensed out becomes, pro- 
gressively poorer in oxygen. But 
this liquid falling back comes into 
contact with the ascending gaseous 
mixture which is too rich in oxygen 
for equilibrium. Nitrogen is, there- 
fore, evaporated from these falling 
drops, oxygen being condensed in 
corresponding amount. The height 
of the tubes is so arranged that the 
gas passing out at their upper ends 
is very rich in nitrogen, which 
travels down a similar nest of tubes 
leading to the inner compartment 
E of the bottom vessel, \Vhich it 
reaches partly m the liquid form. 
The incoming air is thus separated 
into two portions on liquefaction, 
one containing in practice about 40 
per cent, of oxygen, and the other 
only 1 to 5 per cent. In the extreme 
centre of the, tubes is a small 
bundle F, through which a quantity of gas from the inner com- 
partment can be withdrawn ; after this third purification, a 
relatively small nitrogen product can be obtained of 99 *5 to 
100 per cent, purity. The pressure of 4 atmospheres is necessary 
in the tubes to raise the liquefying points of the oxygen-nitrogen 
mixtures above —183° C., the temperature of the liquid oxygen 
bath, in order that liquefaction may take place and that the 
atent heat may pass to the liquid oxygen, which is evaporated 



Diagram of Claude’s 
Oxygen Column. 
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to a corresponding extent. Part of this evaporated oxygen is 
led away by G through the interchanger to a gasholder, to 
furnish the oxygen product, and the rest ascends the rectifying 
column, bubbling through the liquid which is passing down 
over the plates. This liquid has its origin m the neh and poor 
liquids just considered, whicli aie convev'd into the lectilication 
column from the bottom vessel, the poor liquid at the very 
summit If, and the iicli some distance down, at K. Between 
the to]) plate, L, containing almost ]mre nitrogen at a tem- 
])crature near —195° C., and the bottom plate, INI , containing 
almost pure liquid oxygen at a temperature of about — 185 (' , 
there exists a temperature difference of some 12 As the gaseous 
oxygen rises into the colder regions of the column, it undeigoes 
condensation, its heat of liquefaction evaporating an equivalent 
quantity of the more volatile nitrogen. Tims, the descending 
liquid is becoming progressively richer m oxygen, and the 
ascending gases are becoming progressively impo\ ensiled The 
rich liquid containing about 10 per cent of oxygen is m equili- 
brium with a gas mixture having an oxvgen content of about 
15 per cent. It is, therefore, introduced into the column at the 
point lv, where the gases have this composition, and m falling 
can scrub the rising gases to this extent The poor liquid with 
f to 5 per cent, of ox \ gen, introduced at the top, II, of the 
column, can scrub the using gases theoretically down to 98 per 
cent, nitrogen. In piactico, however, this poor liquid is not 
produced in sufficient quantity In order to obtain a high quality 
of oxygen, the argon impurities being difficult to lemove owing 
to the similarity of the volatilities of liquid argon and oxygen, 
the nitrogen leaves the apparatus still containing (> to 7 per 
cent, of this gas. By taking more oxygen away to the gas- 
holder, of lower purity, and so diminishing the quantity that 
has to ascend the column, the final scrubbing becomes more 
effective, and 97 to 98 per cent, nitrogen can be obtained. 

For further particulars of this typ< of apparatus the student 
should consult a pjiper by Mr. 0. R. Houseman, of the British 
Oxygen Company, Limited, entitled “ The Evaporation of Air 
Constituents,” piven in Industrial Gases for March, 1920 
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Lkctuiie VI. — Questions. 

1. Describe tho action of the Bell-Coloman refrigerating machine, and 
find an expression for its cooflicient of performance. 

2. Find the H.i\ theoretically necessary in an air-compression refriger- 
ating machine to abstract Q thormal units per minute, where t l tem- 
perature of air drawn into compressor, t 2 -- temperature of air forced 
by tho compressor into the cooler, t, - temperature of air supplied to 
the expanding cylinder, and is the temperature of the cold air leaving 
the expanding cylinder. 

8. Describe by aid of a diagram the pimciple of action of a re I nge Bating 
machine of tho open-cycle air typo, and obtain an expression for its effi- 
ciency, assuming adiabatic compression and expansion. In a machine 
of this typo circulating 1,500 lbs. ot air ]>or hour, tho air is drawn from a 
cold chamber at a temperature of 10 J (' (50" F ), and compressed adia- 
batieally to 07 lbs absolute It is afterwards cooled at this pressure to 
25"’ (' (77" F.), the tom pe ratuie of the condenser, and then expanded 
adiabaf leally to atmosphenc pressure and returned to the cold chamber. 
Find the number of units ot heat extracted per hour from the cold chamber 
and the heat rejected. It the indicated horse-power ot tho compressor 
is 25 0, find the coefficient ot performance ot tho machine. The specific 
heat of air may be taken as 0-211. and the law of expansion and eompiession 
as p i l 1 constant. 

4. Tho following aro approximate expulsions for the entropy of am- 

monia liquid and dry saturated vapour- — Liquid, 0-00L84 (t — 52) ; 
vapour, 1 -158 - 0-00102 (t - 82), t being the tempo ratu re on the Fahrenheit 
scale Obtain corresponding expressions ot tho lorm a + b t , t, being the 
temporaturo on the Centigrade scale. Draw tho 6-cp chart Retween 
temperatures of 14° F. and 77° F. ( 10° (J. and 25 1 ('.). Find the co- 

efficient of performance of a refrigerator workuig on a reversed Ran kmc 
cycle botweon these limits, the vapour bouig 5 per cent, wet at the end ot 
compression. It tho actual performance is 0 G of tho amount m the above 
ideal ease, calculate the pounds ol ice produced per horse-power hour 
from water at tho lreezmg point. Latent heat ol ice, 144J3.Th.U. (80C.H.U.) 

5. Fmd an expression lor the coefficient of performance of a refrigerating 

machine working on the Dell-Coleman' cycle. Explain tho reasons of the 
smallness -of the coefficient in practice when eomjflired with an ammonia 
refrigerator. * 

6. Describe tho action of some typo of refrigerating, machine working 

on tho compression systom. What do you understand by “ wet com- 
pression " ? fn choosing a suitable fluid for use in tho compressor, state 
tho effect of the following on the general efficiency ot tho plant : — Latent 
heat, specific heat, specific volume, relation between pressure and tem- 
perature. . * 
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1. Sketch the tcmperaturc-ontiopy diagram for ammonia, and show 
on it the refrigerating c\ cle for wet compression, lfow is the coellicient 
of performance deleimmed v 

2 Draw ])-r and 0 -( p diagrams lor a refrigerating machine, using air, 
wlueli lias admission and exhaust at constant pressures , and adiabatic 
compression ami expansion. If the 1cm pc ratines at beginning and end 
of compression are 20° F. ami .‘190 ' F., and the temperature at the beginning 
of expansion is 100 ’ F., find the coefficient of perlormance. 

.‘h *Describe and give hand sketches of an ammonia refrigerating machine. 
Describe the gland arrangements that ha\e to he adopted to prevent 
leakage of the ammonia. 

4. Explain how you would test a retrigeiating plant using ammonia 
as the working fluid, so as to determine the coefficient ot perlormance. 

5. Describe the cycle ol operations ot either a caibon dioxide or an 
ammonia refrigerating machine, and state the special advantages ot each 
typo 

(i. In an ice-making plant of either (»/) the ammonia or ( b ) ( '( ) 2 t>po 
explain the metliod of working, and dosenbe the operations necessary to 
start up and lcgulatc the machine from the commencement until ice began 
to i i nil . 

7. Dive briolly the advantages and disadvantages ot ammonia and 
carbon dioxide respectively as wmkmg fluids in refugorators Make a 
diagrammatic sketch, illustrating the construction ot a plant using either 
carbon*dioxide or ammonia 
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COMPRESSED AIR. 

CuviKvrs. Isothermal and Adiabatic ( 'ompression and Expansion — 
The \<L antaj'os ol Multi-staco Compulsion -Wat or Injection to 
assist- Cooling —lloise-pouei inquired loi Compressimc An, Ningle- 
sta.uo ( 'ompression , T\\o-,sl,iuo ( ompicssion ; Katio ot Pressures 
to make Total Work a Minimum , < Stages ol Compression- -Tallin 

o| Horse- L’oweis lor Vavmns Ihessiires —Detail J)esenption ol an Air 
Coinpiessor— -Coinjnessed An Peieussne Tools -Questions. 

Isothermal and Adiabatic Compression and Expansion. Power 
is transmitted 1>) compressed air for ;i large number of industrial 
pmpoxes, particularly lor driving hand tools, such as dulls, 
chipping chisels, and nveteis. It lias been used on a large scale 
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in Paris for supplying power from a central station, but it is, 

on the whole, expensive, and is used mainly on account of its 

convenience for delivering small powers, or in places where 
the cold exhaust can be used for refrigeration* Professor Unwin 
estimates that when used on a large scale It to 51 per cent, 

of the indicated steam power of the engines driving the com- 

pressors may be realised on the main shaft of the compressed 
air engine, but in small motors and rock drills a much smaller 
efficiency is usually obtained 

If the air compressor worked so slowly that the compression 
were isothermal, the temperature of the compressed air would 
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be the same as the intake temperature (m practice the air always 
gets hot m compression), and the volume would, therefore, not 
diminish by cooling on its way to the compressed air engine. 

The indicator diagram of the air compressor would be as shown 
in the above diagram. 

Air is drawn into the cylinder at temperature 'p 1 until the volume 
is represented by the point B . it is then compressed isothermally 
along the line B 0 until its pressure is p 2 , and is driven out at 
constant pressure along the line C 1) 

Tf the compressed air engine also wanks so slowly that the 
expansion is isothermal (in practice the air always cools in 
expansion), then the engine would trace out the diagram m the 
leve&se direction, and the eflieiency w T ould be 100 per cent, 
if there were no loss of pressure due to friction m pipes, etc. 

Now, consider the case in which the compression and expansion 
ure adiabatic. The compression curve will lie steeper than the 



isothermal, and may be represented by B E ; the heated air 
wall contract on cooling, so that by the time it reaches the com- 
pressed air engine the volume will have become DC and the 
expansion w T ill follovy the curve 0 E. It is, therefore, clear t hat 
the work represented by the shaded aica CEBE will be lost, 
of which BEC may be regarded as lost in the compressor and 
C F B in the engine. 

The Advantages of Multi-Stage Compression.- The following 
diagrams show how r this loss may be reduced by the employment of 
multi-stage compression , a corresponding advantage is to be 
obtained by multi-stage expansion. 
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Take, first, the case of two-stage compression ; the air is first 
compressed to an intermediate pressure p 3 along the adiabatic 
B G, and passes into a receiver in which the temperature falls 
until the volume is M II ; the air then passes into a second 
cylinder, in which it is compressed tp the pressure p 2 . 




The loss of work in the compression is represented by the 
sum of the areas BGH and H J G, and this is clearly less than 
the area B E C. which would be lost in single-stage compression. 

Water Injection to Assist Cooling.- In practice it is found to 
be useful to inject water in the form of a spray in air compressors 
to keep down the temperature during compression. This has 
the effect of making the compression curve follow a line between 
the adiabatic and isothermal lines, and some authorities assume 
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the compression in this case to follow the law p V 1 ^ = constant 
instead of p V 1 41 — constant (adiabatic compression). Other 
authorities prefer to make their calculations upon the basis of 
p V 1 41 = constant, even when water injection is employed to 
make up for incidental losses which are found to occur in practice. 

One disadvantage attendant upon the use of water in air 
compressors arises in the formation of snow in the compressed- 
air engines when the pressure drop -is considerable ; this snow 
tends to clog the exhaust valves. ' The difficulty can be over- 
come in part by making the valves and passages of large size ; 
in some cases the formation of snow has been prevented by 
warming the compressed air supply pipe 
Horse-Power required for Compressing Air. (1) Single-stage 
Compression.— The work done in compression A B C 1) 

- B C F G + F 0 1) R - G B A E. 



By equation (6), p. 6, B C F G 


Work done or energy E 

= Vi V 2 V\ v i 
" J>* -1) 


_ p, V 2 - p v V j 

(n - 1) ’ 

|- p 2 V 2 - Pl V lf 


».e., 

Now, 


v = ~(p>v 2 -p 1 V,). 

Vi' , 

T * ’ (£)' v - 


(i) 


8 
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ftV.-p.v, V,j r>Qj’‘-r,\' 

= v i \Vt n -Pi -Pi fn -'Pil 
(>-') 

= Pi v iiPz " P, " - 1 } 

'[■ ■ 121 

■■ |! - ^ 151 
Assuming adiabatic compression for which n — 1*41, 

e- jS „„ 1 v 1 {(6) ! "- 1 } m 


If V 1 is the volume of air at p A compressed per minute, and p l 
is in lbs. per square inch 

Work done per minute - 3*1 1 ^l H/qY 1 



Horsepower 


•HI > 1 1 1 Pi V f /ft> »_ , ) 

33,000 ( \piJ i 



As a rule, p x is 14-7 lbs. per square inch and V 1 is then called 
the volume in “ free air ” per minute. 

We, therefore, obtain the following formula 

Horse-power required per cubic foot of free air per minute to 1 
compress to pressure p 2 lbs. per square inch in one stage J 


*= -22 


my-*} 


( 6 ) 
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(2) Two-stage Compression. Referring to the accompanying 
diagram, it is clear that the work done m the first stage 

and that the work done in the second stage 



the air is cooled to its original temperature —oc., that r 3 = r v 


v*y 3 v\ v i- 

Total work done -- Ej f E 2 

= 3-41 Pl V i m>)%-(^)' 2 

1 Vp./ \v-J 


21 ) 


(?) 


Ratio of Pressures to make Total Work a Minimum - -We have 
now to find the value of p 3 to make the total work a minimum. 
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This will be a minimum when is a 

VPi/ Vft/ 

minimum. Let this expression be called X. 

d X ' 

X will be a minimum when -- — — 0. 

d p 3 


i.e., when *29 (- 

,\-29-l 1 n 

-) X 1- '29 ( - 

-f 9 - 1 X (- t{) 

v ? 

V Pi Vp 

*3 ^ ' P.\ ' 


i.e., when 

Pi' 29 -' 


= 0 



pr 29 

Pa' 29+I 



i.e., 

■29- 

! + -29 + 1 

■29 

•29 

Vz 


= Pi 

•Pi 



*.~)8 

•29 

•29 

i.e., 


Ps 

= Pi 

•Pi 


Pa 2 =Pi-Pi- • • ■ • ( 8 ) 

Pa = ^Pi • pi- • • ( 9 ) 


It will be noted that this is independent of the index n in the 
expansion law, and that we may express result (8) a§ — 


Pj^Pj 

Pz P\ 


( 10 ) 


Moreover, 


Ps __ Pi __ /ft 
Pi Pz V P ] 


since by (8) ~ 


Pi 


Pi 


Pi 


Now, putting this result into equation (7), we have — 
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■29 

Total work = 3 14 p Y Vj | 2 . ^ 2 — 2 | 

‘29 

= 0-88p I V 1 {gy2 _1 J . ,11) 

We may, therefore, write a similar result to equation (6) as 
follows : — 

Horse-power required per cubic feet of free air per minute to ) 
compress to pressure p 2 lbs. per square inch in two stages J 

™ 

The necessary volume V 3 of the second cylinder will be given 
by the relation — 

V:, = = V, J V \ 

P3 V Pi 

(->) £ Stages of Compression By exactly similar reasoning 
we can prove that if there are x stages of compression — 

Horsepower required per cubic foot of free air per minute to ) 
compress to pressure p 2 lbs. per square inch in x stages J 

= -22x { ( j|;^) l} < 13 > 

In this case the ratio of volumes of successive cylinders should be 



The following* table is useful in practice for determining the 
horse-power required to drive compressors. A mechanical 
efficiency of 60 per cent, is assumed for pressures from 5 to 
35 lbs. per square inch, increasing to 80 per cent, for 40 lbs. 
per square inch and beyond. 
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Table of Horse-Powers re^uireP to Drive Air 
Compressors 


SINGLE-STACK. 

Two-Stage.* 

Tiihee-Stvge 

Gaiiyi’ 
Prossme 
in Lbs 
per Si] In. 

| 

Hoise-powei i 
to Compicss 1 
100 cu It j 
Free Air pel ! 
Min. ; 

(Jnune 

Piessme 

III Lbs 
pel Sq In 

II oise powei 
to < 'ompress 
KM) < u ft 
Kiee Air pel 
Min 

(inune 
Piessuie 
in Lbs 
per Sq, In 

Ilorse-powei 
to Com pi ess 
100 cu ft 
Free Air per 
Mm 

5 

3-25 

00 

14-7 

100 

18 27 

10 

5 0 

05 

15-20 

105 

1 8-7,7 

15 

71 

70 

10 0 

110 

19-2 

20 

b-3 : 

75 

1 0-0 

115 

, 10 0 

25 

0-8 j 

80 

17-15 

120 

10-04 

30 

11*2 

85 

17-7 

130 

I 2(H) 

35 

12 0 

00 

18 2 

140 

21-21 

40 

12-81 

05 

18-7 

150 

21-80 

45 

13-85 , 

100 

10-2 

100 

22 40 

50 

14-84 

105 

10-05 

170 

; 23-04 

55 

15 78 1 

110 

20-15 

180 

23 58 

00 

10-07 ' 

115 

20 0 

100 

24 1 

05 

17-5 j 

120 

21 0 

200 

1 24-0 

70 

18-3 

130 

21-75 

250 

| 20-75 

75 

10-07 i 

140 

22' 5 

300 

28-05 

80 

19-82 

150 

23-2 

350 

30 25 

85 

20-55 ; 

100 

23 0 

400 

: 31 05 

00 

21-25 

170 

24-5 

450 

32 0 

95 

21-85 | 

180 

25 1 

500 

1 3fl 

100 

22-50 

100 

25-7 

GOO 

30-1 

105 

23-15 

200 

20 3 

700 

< 37-8 

110 

23-75 

250 

28-8 

800 

39-4 

115 

24-35 

300 

30-0 

000 

40-8 

120 

24-0 

! 350 

32-8 

1,000 

42-4 



400 

34-5 

1,200 

44-2 



450 

30-0 

1,400 

40-0 



500 

37-4 

1,600 

47-7 





1,800 

49-2 





• 2,000 

50-0 


Detail Description of an Air Compressor. We' are indebted to 
Messrs. Siebe, Gorman k Go., Ltd., of Westminster Bridge 
Road, London, for the accompanying description and illustration 
of one type of air compressor in which they specialise. 

The illustration shows a sectional arrangement drawing of a 
two-stage belt-driven three-cylinder enclosed type air compressor. 
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DETAIL DESCRIPTION OF AN AIR COMPRESSOR. 


ny 

This machine is fitted with double-acting cylinders, the top 
portion of which constitutes the first stage and the lower annular 
portion the second stage, 'this is accomplished by the list' of 
the differential pistons shown, tin* portion enclosing the annular 
space referred to above being so propoi tinned as to give 1 he 
correct ratio of compression tor the second-stage piessuie 

Before the air enters till* part of the cylinder, howe\er, it 
passes to the intercooler, shown in tin 1 combination base-plate, 
where all the remaining heat m the air of the first-stage com- 
pression is extracted. This is effected by passing the air thiough 
a series of copper pipes surrounded by water with the necessary 
cooling surface After leaving those pipes the air is finallv com- 
pressed in the annular space, forming the second-stagi' com- 
pression referred to. * 

This compressor is fitted with forced lubi ication, the oil pump 
being shown in the sump in the bed plate at the left-hand end. 
It is driven by means of an eccentric, which m turn also drives 
the water-circulating pump, shown mounted on the, left-hand 
cylinder With forced lubrication tin* machine is piactieally 
immune from breakdown, and can be left running with a minimum 
of attention 

Tin* first-stage suction and delivery valves in the cylinder head 
an* of the disc type, made of manganese steel, having a small 
1 1 1 1. and w'orkmg on renewable cast-iron knife-edge valve 
seals 

The whole valve with its seat is \oi\ quickly removed for 
examination. By unscrewing tin* valve box cover the complete 
valve can Jbe lifted out The valve boxes are m tin* foim of 
pockets m the cylinder head, and they are suiiounded by water, 
as well as tin* top surface of the cylinder, burning as much water- 
cooling surface during compression as possible 

The second-stage suction and delivery valves are made of the 
poppet type, and are clearly shown m tin* cross-section of the 
machine. These valves are not so large as tin* first-stage valves, 
as they deal with eo*mpressed air, which has a considerably lower 
velocity than before it was compressed, but they have to be made 
stronger than t#lio first-stage valves, as they have a good deal 
more racking. 

This machine can be arranged as a single-stage compressor, if 
desired, by connecting the air pipes in parallel instead of senes, 
as for compounding, and, of course, doing away with the inter- 
cooler. This is accomplished by connecting all throe delivery 
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branches together from the first-stage delivery valves, by means 
of a long horizontal pipe, to a similar pipe below, which connects 
all three poppet delivery valves together. With this arrangement 
the opposite suction poppet valves will now serve as a first-stage 
suction valve also. 

The machine can be arranged steam-driven with steam cylinders 
mounted in tandem with the air cylinders ; simple, compound, or 
triple expansion as desired. It also can be arranged direct- 
coupled to an electric motor or oil engine or driven through 
gearing. 

Compressed Air Percussive Tools.- One of the most useful 
applications in practice of compressed air is for driving percussive 
tools for riveting, caulking, and mine drilling. 

The accompanying drawing shows a cross-section through a 
percussive rock drill, known as the u Meco ” drill, and manu- 
factured by the Mining Engineering Company, Ltd., of Sheffield. 



“Meco” Pneumatic Rock Drill. 

The air enters through the pipe I and passes under the control 
of an automatic butterfly valve V to one or other of inlet ports 
i v c>. In the position shown the valve is so positioned that 
the port ?!j is open and the port i 2 is closed ; the air on the under- 
side of the piston p is passing out through the exhaust port e 2 . 
The piston travels towards the right, and soon covers the exhaust 
port e 2 , and opens the exhaust port e x . The momentum of the 
piston causes a compression on the underside thereof, and this 
compressed air passes up the port i 2 , and helps to rock the valve 
V on its seat ; this rocking is assisted by the rush of air caused 
by the opening of the valve e v The valve is carefully balanced 
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SO that the machine will operate m any position. Immediately 
the valve flaps over, ‘the compressed air passes down the inlet 
i 2 and causes the return of the piston, which again reverses 
when the exhaust port e 2 has been opened and the port c L closed. 

The rock-drilling tool is secured in the socket s, and, in order 
to give a slow progressive rotation to the tool, the forwaid or 
hammer end of the piston is provided with helical grooves which 
co-act. with a ratchet r, the co-operating pawl of which causes 
the socket a to give a part rotation for one stroke' of the piston 
and to remain stationary for the next. 
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Lecture VIT — Qukstioys. 

1. Provo that m an air compressor winch compresses 1 lb. of air at a 
pressure />, and volume r, to a pressure />', the work done is 



the compression being according to the law p v" =- constant. 

2. An air compressor handles 100 cubic loot per minute of atmospheric 
air at 09’ F., compressing it to 00 lbs. per square inch gauge pressure 
according to the law P V 1 3 constant. What is the final volume and 
temperature of the air, and how much powor is absorbed ? Ans. 312" F. ; 
12 0 11. P. 

3. Show that m a compound air compressor working between extreme 
pressures p x p if it the intermediate presume p l is equal to \ p x p 2} the* work 
done in each cylinder is oqual. 

4. An air compiessor takes 100 cubic foot of free air per minute (tom- 
porature - 00 " F ) at 200 lbs. gauge in two stages with intercooler cooling 
to 00 F. Fmd the sizo of cylinders for an expansion curvo p . con- 
stant Piston speed, 300 ieot per minute at 200 revolutions per minute ; 
also find H.P. required to dnvo compressor, taking mechanical efficiency 

— 90 per cent. Clearance volume 1/10 cylinder volume. Note, 1 lb. 
air at fit) F. and 14-7 lbs pei square inch has volume - 12-8 cubic foot. 
Also find the tcmperatuic at which the air would be delivered, .las. 
L.P. cylinder, 9-5 inches diamotor ; H.P., 4-75 inches diameter; B.H.P. 

— 21-5; temperature, 190 E. 

5. Explain why it is moio advantageous to com pi ess air in two stages 

with an intercooler than to use a single-stage compressor. Show from first 
principals that for a two-stage compressor the efficiency of the compressor 
will be greatest whon the E P. cylinder pressure is equal to \ P X Po 
(P 0 - original and P the final pressuie). c 

0. Show, that if air be compressed m an air-compressor, the relation 
between the temperatures and pleasures is given by the equation 



Find the temperature at the end of compression when air is compressed 
from 15 lbs. per square inch absolute and 70° F. (21° (') to 105 lbs. per 
square inch absolute. Assume u l 35. 

7. Show that the work done m drawing in, compressing, and discharging 
V 2 cubic foot of air m an air compressor from a pressure P.> to a pressure 
Pj, and volume V 1 is given by the following expression . — 

- P 2 V,) 

v — l 

where the compression cune is of the form P V " - constant ; neglect 
clearance. It 1,500 cubic feet of air por minute $t 15 lbs. per square inch 
absolute pressure are to bo delivered at 00 lbs. per square inch absolute, 
find the horse-power required (Assume n — 1*3.) 
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LhCTUHK VII. — A M.InST.F.H QUESTION'S 

1. State briefly the advantages of using multi stage air compressors. 
Air is com pressed udiabatieally from a pressure ol 15 lbs. per square moll 
absolute to 90 lbs. per square inch absolute. Find the linal temperature 
of the air it the initial tomporatmt* is bO F (Assume y 1 1.) 

2 Air is diawn into a compressor at atmospheric pressure and compressed 
to a pressure of live atmospheres. Find the horse-power required to com- 
press and deliver 1,000 cubic feet of tree air assuming (n) isothoimal com- 
pression, (b) adiabatic compression. ( > / I 4 ) 

3. Air, at a tcmpeiature ot 80’ F., is compressed from 15 to 00 lbs por 
square inch absolute, and the curve ol compression is p t 1 2 - constant. 
Find (1) the work done, and (2) the heat lost to the cylinder walls, per 
pound ol air. The specific heats at constant pressure and constant volume 
arc 0 2375 and 0 109 respectively. 

4 An air compiossoi compresses the air fiom 15 lbs. per square inch 
to 00 lbs. por square inch Find the hoise-power required to compress 
and deliver 1,000 cubic lead ot lice air per minute. Neglect leakage and 
clearance. (Assume y 1 3 ) 

5. Show that the vvoik done por stroke by an engine m compressing V 3 
cubic feet ol live air adiabaticallv and dehvoi mg it at a constant pressure 1\ 

Y(I\ V»- l’> V,) 

Y- » 

when' \ r j is the volume ot the air at pressure 1^, and l\ is the pressure 
ol the air at volume V> (neglect clearance), kind the work required liom 
an enguu* to compress adiabatieally and deliver 800 cubic foot ol lice air 
per mmutc fiom 15 lbs. per square inch absolute pressure to 90 lbs. por 
squan inch absolute pressure. (Assume y 1 1.) 

0. Air is compressed m a two-stage .compiossoi, the pressure at the cud 
ot the ti^st stage being 5 atmospheres, and at the end ot the second 200 
atmospheres. Assuming that, the eompaiisons are adiabatic, and that 
20 cubic teet»ol an at at mosphei ic pressure and 00 K. tempeiafuie are 
supplied per minute, find the approximate amount ot cooling w ater supplied 
at 00 F per minute required to keep the aveiaye tempeiafuie.s in the 
compressoi constant, and calculate the Imrse-powcr required to dnvo 
the machine it iU mechanical efficiency is 75 pci cent 

7 An air compressor compresses 8 cubic teel ol air at an absolute 
pressure ot 15 tbs por square inch to an absolute pressure of 105 lbs. per 
square inch, and delivcis it to the receiver at constant pressure. Kind the 
loot lbs ot voik done on the air |>or stioke (a) when the compression is 
isothermal, (b) when the compression follows the law P V 1 1 - constant 
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FUELS AND COMBUSTION. 


CoNTKvrs; — Relalivo Values of Fuels; Calorific Value of a Fuel, Cal- 
culation of Calorific Value of Fuel from Chemical Composition -Tables 
of Properties of Solid and Liquid Fuels ; Gasoous Fuels ; Combustion 
Lata of Gases — Flue or Exhaust Gas Analysis; Orsat Apparatus — 
Calculation of Composition of Products of Combustion from Perfect 
Combustion of Fuel of Given Composition — Calculation of Excess 
Air from Volume Analysis of Flue or Exhaust Gases — Questions. 

Relative Values of Fuels. In dealing with the economics ot heat 
engines, the question of fuel is of great importance; from the 
point of view of the user of the engine, the most important 
question is cost per horse-power, and it is well for the student 
to remember that engines which are most economical from the 
Standpoint of thermal efficiency are not necessarily most econo- 
mical when the cost of fuel is taken into account. 

The question of now sources of fuel supply has exercised the 
minds of engineers for some time. For purposes of ligh£ trans- 
port, motor vehicles, agricultural tractors, and like •machinery, 
coal is being gradually replaced by oils, the light varieties of 
which arc showing signs of shortage in supplies, and much 
attention has been given in recent years to the possibilities of 
alcohol as a fuel Assuming that the engines can be adapted 
to run satisfactorily on a given fuel, the ultimate question arises 
as to the cost of the fuel per B.Th.U. , fon this wo must know 
the calorific value of the fuel. 

The calorific value of a fuel is the number of heat units developed 
by the combustion of a unit weight of the fuel. 1 

The calorific value is measured experimentally by means of 
calorimeters, a description of various types of which will be 
found in Lecture IV., Vol. I. 

The following values may be taken for the calorific values of 
the elements and principal constituents of fuels - 
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Constituent. 

Atomic 
Weight. j 

Molecular 
\\ eight 

Cal \ nine 

15 Th.C per 
Lh 

Hydrogen, H 2 , 

Carbon, C, 

. 1 


01,500* 

12 


14,500 

Sulphur, S 2 , 

32 


4,000 

Carbon monoxide, CO, 


, 28 

4,320 

Methane (marsh gas), CH,, 


10 

23,500 

j Ethylene, C 2 H 4 , 


28 

21,300 

Benzene, C () 1I (5 , 


1 78 

17,800 


Calculation of Calorific Value of Fuel from Chemical Com- 
position.— If we are given the chemical combustion of a fuel 
we can calculate its calorific value approximately by the aid 
of the foregoing data, but it should be remembered that accurate 
values can only be obtained experimentally. In these calcula- 
tions it is usually assumed that of tlu* hydrogen one-eighth of 
the weight of oxygen present will probably be combined with 
oxygen in the form of water. The following examples will make 
clear the method of calculation : — 

Exdin fie J. A sample of coal gives the following composition 
on analysis- 0 88 per cent.. H 2 3-6 per cent., () 2 4 *8 per cent., 
ash 3-6 per cent. 

.*. Calorific value of 0 — 14,500 X ‘88 -= 12,760 

- nr ) x 52,500 ^ '• fi7 ° 

Total = calorific value of fuel in B.Tli.U. per lb. 14,430 

Example 2. — Calculate the lower calorific value per cubic 
foot of marsh gas (methane, CH 4 ), having given the density as 
•0448 lb. per cubic foot. 

In 1 lb. of marsh gas, the molecular weight of which is 16, 
there will be — lbs. of carbon and — lbs. of hydrogen. 

"This includes the latent heat of the steam generated by the combustion 
and is commonly called the “ Higher Valuo this latent heat usually 
passes out with the flue or exhaust gases, and amounts to about 9,000 
B.Th.U. per lb. of hydrogen, so that for fuel calculations in practice the 
“ Lower Value ” of 52,500 B.Th.U. per lb. should be taken. 
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.*. Calorific value of C per lb. gas 
,, H 2 (lower) ,, 

24,000 


B.Th.U. per lb. - 24,000. 

.-. B Th.U. per cubic foot = 24,000 X 4)448 ~ 1,080. 

The actual heat available for practical use is less than this, 
on account of the fact that in separating the gas into its con- 
stituents, carbon and hydrogen, the kk heat of formation ” is 
absorbed. 

This amounts to about 110 B Th.U. per cubic foot, so that 
the available calorific value of marsh gas per cubic foot becomes 
1,080 - 110 - 970 B.Th.U. 

Solid and Liquid Fuels. 

Average Composition and Calorific Value. 


12 

16 

4 


X 14,500 - 10,900 


16 


X 52,500 13,100 


"es. . |oVav’lty 


Pen-outage < '< imposition 


Culoiiftc 






Value 

c 

| 

| o.» \ 

s 

Mois- 

tme 

B Th l . 
per LI). 


Welsh anthracite, 

91 •:> 

: 3*5 

3-4 

•0 


1 5,200 

Nixon’s navigation 

87-8 

4-2 

1 5-0 


1 0 

15,400 

steam coal. 

Newcastle steam 

81-3 

j 5-3 

99 

•8 

12 

14,700 

coal. 






Yorkshire coking 

841 

4-9 

, 7-0 

•0 

2-2 

13,400 

coal. 

Scotch cannel coal, 

! 75-4 

, 6-2 

10 0 

2-2 

4-0 

1 

13,500 

English coke, . 

88-4 

| 1*4 

3-3 ‘ 

•35 

4-8 

13,000 

Wood (ordinary), . 

30-4 


29 0 


28-9 

5,900 

Alcohol, . . -81 

52-2 

! 130 

34 8 

. 5 ! 


12,000 

Kerosene, . -78 

85 

! t5 




18,900 

Methylated spirits, *92 






11,000 

Benzol, . . 

92-3 

7-7 




18,100 

Petrol, . . -72 | 

85 

, 15 




18,700 

Crude petroleum, . -923 

80 

12 




17,900 : 
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Gaseous Fuels. 

Average Composition and Calorific Values. 




PercentaK ^Composition b> Volume, 

it Th r 
per 

Cu Ft. 

Cu Ft 
of Air 

Kind of Cas. 

H- 

CO 

Cil, 

Heavy 
Oils j 

CO.. 

o.. x. 

requited 

per 

Cu Ft, 
(las 

Town gas, 

45 

10 

33 

5-3 ! 

•5 

•3 5-7 

575 

5-0 

Dowson pres- 

19-8 

23-8 

1-3 


6-3 

48-8 

144 

14 

sure. 









Dowson suc- 

13-2 

25-3 

•3 


54 

•6 55 2 

122 

•93 

tion. 

Mond pressure 

i 

16 0 

27 3 | 

3-3 

.. ' 

5-2 

. . , 47 0 

165 

1 4 

Blast furnace 

2-3 

24-8 j 

•8 


5-7 

. . 664 

98 

•75 

gas. 


! 








Combustion Data 

of Gases. 



— - - 

-- 





. 




1 

1 

Cas 

• 

Density 

1.1 is pel 
Cu. Ft 

Spec! lie Heat |Ci 

1 

Cubic Feet for 
nuplete Combusti 
per Cubic Foot 

Constant 

Pressuie 

Constant | 
Volume j 

1 

O: 

An- 

Air, •. 

•0809 

■238 

•169 



Carbon monoxide, CO, . 

0784 

’2J6 

•176 

•5 

24 

/ 

Carbonic acid, C0 2 , 

•1225 

•216 

•153 



Marsh gas, CH 4 , . 

•0448 

. -593 

470 

2 0 

9-6 

Acetylene, C 2 H 2 , . • . 

•0727 



2-5 

12 

Olefiant gas, C 2 H 4 , 

0784 

•404 


3 0 

144 

Hydrogen, H>, 

•0056 

340 

241 

•5 

1 

24 

Nitrogen, N 2 , 

•0784 

•244 

•173 ! 


i 

1 • • 

Oxygen, 0 2 , 

•0896 

•218 

•156 ! 
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Flue or Exhaust Gas Analysis.— In order to determine the 
principal constituents of flue or exhaust gases, a sample of the 
gas is taken and the proportions of its principal constituents are 
determined by a gas-sampling apparatus. 

The principal constituents of the gases in the flues or chimney 
of a boiler are as follows : 

Sjmbol. 


1 . Oxygen, ....... 0 

2. Nitrogen, ....... N 

A. Carbon dioxide, usually called carbonic acid 

gas, ....... COo 

4 . Carbonic oxide (caibon monoxide), . . CO 


The object of the analysis is to determine the percentage of 
these gases present, and to deduce therefrom the amount of air 
actually entering the furnace, as compared with the air theoretic- 
ally necessary for combustion. If all the air admitted to the 
furnace could be brought into such intimate contact with the 
fuel that every atom of the oxygen contained in it could be 
utilised for the purposes of combustion, the escaping gases would 
practically consist of only carbonic acid and nitrogen -that is, 
each atom of the carbon in the fuel would unite with two atoms 
of oxygen in the air admitted, forming C0 2 , the nitrogen passing 
through unchanged. Such a result, however, is unattainable, 
and unless an excess of air be admitted, the carbon will not be 
completely consumed, and CO, consisting of one atom of 'carbon 
combined with one atom of oxygen, will be formed, instead of 
C0 2 . The formation of CO results in a very serious loss of heat, 
and, therefore, must be prevented by admitting some excess 
of air. 

Or sat Apparatus - -One of the most useful forms of apparatus 
for this purpose is the Orsat apparatus shown on the accompanying 
diagram, for which we are indebted to the handbook, Steam, 
issued by Messrs.. Babcock & Wilcox, Ltd. 

The Orsat apparatus enables the percentage of oxygen, carbon 
dioxide, and carbonic oxide to be ascertained- directly. The 
remainder is usually considered to be nitrogen, as, although 
there are traces of other gases, they are insignificant. 

The apparatus consists essentially of a measuring tube A, 
into which a sample of the gas is drawn, and of three other 
- vessels B, B : , and B 2 , which contain substances capable of 
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absorbing respectively, carbon dioxide, oxygen, and carbonic 
oxide. 

The method of using the apparatus is as follows . 

Through a suitable hole m the chimney, uptake, or flue, insert 
a piece of iron tube, long enough to roach well past the centre, 
the tube having saw slits in its circumferential plane for a length 
of 12 inches or more. Tf desired, a tube perforated with small 
holes may be used. 

See that the aperture in the chimney, round the tube, is tightly 
plugged, so as to prevent air (which would probably vitiate the 
results obtained) being drawn in 



Ohs at Flc).-(J\s Tkstiv; Ait\r\tus. 


Place the Orsat apparatus m a convenient position near 1 he 
chimney, the bottom of the apparatus being, say, about 3 feet 
above the level of the feet of the observer, connect the outer 
end of the iron tube to the Orsat apparatus by an india-rubber 
pipe D, having a U-tube filled with glass wool inserted at the 
position marked 15, so as to intercept, flue dust. 

The bottle C is to be filled about two-thirds full of water, 
and connected to the bottom of the measuring tube A by an 
india-rubber tube. When this bottle is placed on the top of the 
case containing the apparatus, or at some other convenient 
similar height, the water will naturally flow' into the vessel A 

9 
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If, then, the bottle C be placed below the apparatus and the 
cock a opened, it is evident that as the water flows out of A the 
gas will be drawn in from the flue and take its place. Draw 
in the gas well below the zero mark, and cut off the connection 
with the flue by closing tin* cock a. Then lift the bottle C, so 
that the water level in it exactly coincides with the zero mark 
in the measuring tube, and open the three-way cock a to the 
atmosphere to allow of the surplus gas escaping. We thus obtain 
the tube A full of gas at atmospheric pressure. Again close the 
cock a. Then, by opening one of the cocks b, b v , or b 2 > the gas 
contained in the measuring tube A can be forced into either 
of the vessels B, Bj, or B 2 , by raising bottle C so that water 
flows into A, dm* (‘are being taken that the water never rises 
above the mark at the to]) of the measuring tube. The vessels 
B, Bj, and B 2 contain the following reagents . 

VuttJfl llcfvj'ciit To \l>«orb 

B. One part commercial caustic potash and two 

parts of water (solution of sp. gr. 1 *2), . . C0 2 

Bj. Five grammes pyrogallic acid dissolved in 15 c.c. 
water. 120 grammes caustic potash dissolved 
in 80 c e water The two solutions to be 
mixed, .... . 0 

B 2 Saturated solution cuprous chloride in hydro- 
chloric acid, . . ... CO 

These absorbing vessels should be filled rather moTe than 
half-way up with the reagents 

It is essential that the gas to be tested be passed through the different 
reagents in the order given above , otherwise incorrect results will 
be obtained. 

The vessels B, B,, and B.> contain small glass tubes. These 
are used with the object of giving a greater wetted surface to 
absorb the gas introduced. 

The tubes with copper wire round them are for the vessel 
Bo containing cuprous chloride. 

Note. — Care should be taken to keep the pyrogallic solution 
from air, as it absorbs oxygen rapidly. It is best to mix the potash 
solution with it in the tube. 

The measuring tube A is, for convenience of calculation, 
marked off into 100 parts, so that percentages may be easily 
read off. 
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At the moment of measuring the volume of gas in the graduated 
tube, the water bottle must be held at such a height that the 
level of the water m it is exactly the same as in the graduated 
tube, otherwise the gas will be compressed or expanded by the 
difference between the two columns of water. 

Before commencing the test get rid, as far as possible, of the 
air in the connecting tubes by using the small hand bellows 
shown ; then draw several samples of the gas into the measuring 
tube, and discharge each to the atmosphere through the three- 
way cock a. Having obtained an undiluted sample, shut the 
cock a, open the cock b, and force the gas into the vessel B. 
Draw the gas back into the vessel A. and repeat the operation 
three, or four times, so as to ensure the thorough absorption of 
C(_) 2 . The last two readings on tube A should give the same 
result, showing the absorption is complete. 

Follow the same procedure with tin* remaining two vessels 
B, and B 2 , taking the reading of the reduced quantity of gas 
in the vessel A after each operation. 

C0 2 is absorbed by the caustic potash solution very quickly, 
and it will be found that passing the gas three times through 
the absorbing vessel B will generally be quite sufficient. The 
gas, however, must be passed through the pyrogallic solution 
at least five or six times m order that the oxygen may be all 
absorbed, ff this be not done the oxygen remaining will be 
absoibed by the cuprous chloride, and will be mistaken for 
CO. although there may be none of that gas present 

The total of the percentages of the three gases, C0 2 , CO, and 
0, should bp about 19-5, and this rule may be used as a rough 
check on the analysis. 

As the percentage bv volume of oxygen in air is 21, the volume 
of air corresponding with any given volume of oxygen may 
100 

be found by multiplying by or D762. The volume of air 

corresponding to a given volume of C0 2 may also be found by 
multiplying by the same figures. 

Example - Analysis shows . . . . 13-5 C0 2 

6 °/ 0 0 

Then air used for combustion = 13*5 X 4*762 — 64*3 
And excess air — 6 X 4*762 = 28*6 


92*9 
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The percentage of excess air above that which is necessary 
for combustion is, therefore 


100 x 28-6 
64-3 


44-4 per cent. 


Care should be taken with regard to the following points : 

1. The absorbent should not be forced below the point D, , 
or some of the gas may escape and be lost, and, of course, an 
incorrect result obtained. 

2. The absorbent must be at exactly the same level in the 
tube say at (c)- when measuring the volume after the gas 
has been absorbed as before. 

3. Time must be allowed for the water to drain down the 
sides of the tube A before taking a reading. The time must 
be the same on each occasion, otherwise more water will drain 
down at one time than another, and an incorrect reading result. 

Calculation of Composition of Products of Combustion from 
Perfect Combustion of Fuel of Given Composition.- From a 
consideration of the chemical formula) representing the com- 
bustion of the various elements of a fuel, we can consider the 
question both from the weight and the volume point of view 

Take, for instance, the case of carbon ; we havc- 

0 + () 2 = C () 2 . 

This means that from the weight aspect 12 lbs. of carbon combine 
with 32 lbs. of oxygen to give 44 lbs. of carbon dioxide. * 

This formula shows that one molecule of oxygen produces 
one molecule of C0 2 , and by Avogadro’s hypothesis molecules 
of gases have the same volume, so that 1 cubic foot of oxygen 
must produce 1 cubic foot of carbon dioxide. 

Take, next, the case of carbon monoxide, CO. The chemical 
formula gives- 

2CO + 0 2 2G0 2 . . 

That is, 56 lbs. of carbon monoxide combine with 32 lbs. of 
oxygen to give 88 lbs. of carbon dioxide. A]so, 2 cubic feet 
of carbon monoxide combine with 1 cubic foot of oxygen. 

For hydrogen we have — 

2H 2 + 0 2 = 2H 2 0 ; 

i.e., 4 lbs. of hydrogen combine with 32 lbs. of oxygen and 2 cubic 
feet of hydrogen combine with 1 cubic foot of oxygen. 
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As a final example, take methane or marsh gas, CH 4 — 

CH 4 -f- 20 2 - C0 2 -f 2H 2 0 ; 

i.e. , 1G lbs. methane |- 64 lbs. oxygen - 44 lbs. carbon dioxide 
-f 36 lbs. water ; J cubic foot methane -J 2 cubic feet oxygen 
give 1 cubic foot carbon dioxide*. 

The oxygen for combustion is in practice supplied in the form 
of air, the composition of which may be taken as- 

By Weight By Volume 

Oxygen, .... 23 21 

Nitrogen, .... 77 79 

.*. to produce a gas necessitating 1 volume of oxygen, we must 

• | qo 

have -- -- — - 1 *7G cubic feet of air, and 3-76 cubic feet of nitrogen 

"1 |O0 

will hi* produced ; and for l lb of oxygen we require - 4 ’35 

lbs of air containing 3-35 lbs. of nitrogen. “ ,> 

We can best explain the application of these data to calcula- 
tions m practice by the aid of a numerical example 
Numerical Example. A sample of coal has 86 per eent. by 
weight of carbon , 4-9 per cent, of hydrogen , and 4 -0 per cent, oxygen, 
the remainder being ash. Calculate the proportions by volume of 
the resulting fluegases assuming perfect combustion and the number 
of cubic feet of air required per pound of fuel to allow this combustion . 
Carbon. *86 lb per lb. of fuel. 



•8G x 32 

\T 

2*29 lbs. 

.*. height of oxygen required 

• 

•8G x 44 


Weight of C0 2 produced 

^ 12 "" 

3*15 lbs. 

Hydrogen *019 lb. per lb. 

049 > 32 

•39 lb., and *04 is 

Weight of oxygen required ' - 

i 

‘(■sent in the coal. 

I 


.*. Additional oxygen 

required 

•35 lb. 


In an analysis of the flue gases, the steam would condense, 
and would not be measured. 

Altogether, we have used 2-29 + -35 ~ 2*64 lbs. of oxygen, 
which will occur in 2*64 X 4*35 -- 11*45 lbs. of air, and leave 
8*81 lbs. of nitrogen. 

Therefore, our flue gas will contain, for each pound of fuel 
burnt, 3*15 lbs. of C0 2 and 8*81 lbs. of nitrogen. 
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Therefore, from table on p. 127, 
Number of cubic feet C0 2 - 

N 2 -- 


3-15 

•1225 

#S'H1 

•0784 


25-2 


112 


137 


Per cent, composition by volume is given by— 

00 2 X---* — lb-1 per cent. 

— 81 ’6 per cent. 

Now, let us consider what the flue gas analysis would have 
been if there had been no hydrogen in the coal 

We should then have 2-29 lbs of oxygen employed, producing 
2*29 X 77 


23 


= 7-GG lbs of nitrogen. 


The flue gas will contain 3*15 lbs. of C0 2 and 7 -GO lbs. of 
nitrogen. 


Number of cubic feet of P0 2 
„ „ N, - 


7’GG 

(3784 


25-2, as before 
97-7 


122-9 


Per cent, composition by volume C0 2 

„ n 2 


25-2 

122-9 


x 100 =: 20-5. 


=- 79-5. 


This is practically the same composition as the air, and the 
difference therefrom is due to small errors introduced by approxb 
mate calculations. 

Since one volume is employed to produce one volume of carbon 
dioxide, it will be clear that the oxygen volume in the air will 
be exactly replaced by carbon dioxide when the exact theoretical 
amount of air for perfect combustion is employed. 
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Calculation of Excess Air from Volume Analysis of Flue or 
Exhaust Gases. — There are a number of methods of computing 
from the analysis of flue or exhaust gases the amount of excess 
air provided during the combustion. 

One of the most simple is the use of the relation 

Excess air volume of 0 2 in gases 

Air required to burn the carbon to C0 2 ~~ volume of C0 2 in gases’ 

The weight of air required to bum the carbon to C0 2 is obtained 
from the relation - 

Weight of carbon burnt to C0 2 volume of 00 2 
Weight of carbon burnt to CO volume of CO* 

This relation holds, because there is an equal weight of carbon 


in equal volumes of CO and C0 2 . 

Because we have - 

C 4 - 0, ^ C0 2 (1) 

2C -j- 0> 2 CO (2) 


In (1) and (2) the same volume of () 2 produces 1 volume of 
C0 2 and 2 volumes of CO, and employs 1 weight and 2 weights 
respectively of carbon, so that in equal volumes of the two gases 
tlier** will be equal weights of carbon 


A numerical examjfle will make tin 

1 procedure 

dear. 

• Fuel (Weight) 

Dried Flue Gas (Volume) 

C, . » . , 72 per cent. 

00 „ . 

. 12 per cent. 

■1 „ 

H 2 , . . 3-4 

00“ . 

Ash, . . 24 *(> ,, 

0, . 

. 8 „ 


N, . 

. 79*6 ,, 

We have - 



Weight of carbon burnt to C0 2 

vol. CO., 

120 o 
= T“ 30 - 

Weight of carbon burnt to CO 

vol. (-0 

Weight of oarbon burnt to C0 2 - 

■72 x 30 
31 " ' 

= -70. 


Weight of air required to burn this to C0 2 

= ' 70 x l x ^ = 81 Ibs - 
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Excess air per lb. fuel = 8-1 X 


volume 0 
volume C0 2 


8-1 x 8 

12 


— 5-4 lbs. 


Calculation of Heat Lost by Products of Combustion, etc — 

In preparing a heat balance for a boiler trial, it is common to 
consider heat losses under the following heads : — 


(1) Heat lost by products of combustion. 

(2) Heat lost by excess air. 

(3) Heat lost by incomplete combustion. 


(1) Heat Lost by Products of Combustion . — To obtain ‘this, 
we first require to know the weight of products per pound of fuel, 
and the method of determining this will be followed from the 
following treatment of the numerical example previously con- 
sidered •— 


Weight of air theoretically required per pound fuel 
11-60 + 34-8H. 


( The 1 1 •<> 


32 1(H) 

12 X 23 ; 


the 31 '8 = 8 x£.) 


1 1 -0 x -72 -I- 34-8 x 3-4 = 9-6 lbs. 


Add weight of combustible in fuel - *75 lb. 

Total 103 lbs. — theoretical weight of gases. 
Weight of 0 burnt to 00 2 volume C0 2 120 

Weight of V burnt to CO volume CO 4 


Weight of C burnt to 00 2 
Weight C0 2 per lb. fuel 


•72 X 30 
"31 

•70 x 44 

_____ 

•02_x 28 

12 


- -70. 


- 2-57 lbs. 


- -bO lb. 


- -034 x 9 = -31 lb. 


2-93 lbs. 


CO 

H 2 0 
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Weight of N p$:r lb. fuel - = 10*3— 2*93^= 7-4 lbs. 

If t° is the temperature of the flue gases, we have from 
the table of specific heats on p. 127- 

Heat carried away by C0 2 -- 2-57 X -216 X t. 

„ „ ’ (’0 = ~ -05 X -216 X t. 

„ „ H 2 0 - -31 X *48 X t. 

„ ,, N 2 - 7*4 x *244 x t. 

(2) Heat Lost by Excess Air — We first estimate the excess 
air in lbs. per lb. of fuel , m the ease considered, we have already 
found this to be 5*4 lbs. 


Heat lost by excess air ^ 5-1 X *238 X t. 


(3) Heat Lost by Incomplete Combustion. It will be seen from 
the figures given on p. 127 that if 1 lb. of carbon be burnt to 
carbon monoxide 10,200 B.Tli.U. will be lost, due to incomplete 
combustion. 

\ Heat lost from this cause m any given case per lb. of fuel 
— carbon burnt to CO X 10,200. 

Chimney Draught. - The intensity of draught of a chimney 
depends upon the difference in weight of the inside and outside 
columns of air. 

If It is the height of the chimney in feet, and A is the cross- 
sectional area in square feet, and r t and r e are the absolute 
temperatures inside and outside the chimney, then if the pres- 
sures inside and outside were the same, the weights of the two 
columns of j^ir would bc- 


A hx -0809 . Ah x -0809 u A . 

492 X and 492 X lbs. respectively, 

Ti T r 

because freezing point on the absolute Fahrenheit scale is 492°. 

’. Draught in lbs. per ft. 2 ---- 492 x h X -0809 ^ — - y 


Chimney draught is usually measured in inches of water, and 
J2 inches of water represents 62-5 lbs. per square foot. 


Draught in inches of water 


492 X -0809 x 12 
62-5 



1 

T e 


) 


(1 - 7-6 h 



1 

Te 


> 
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A alight modification of this formula, given in Messrs. Babcock 
<fc Wilcox’s handbook, Steam , is- ' 


d-=h 



7^9 

T e 


> 


The following diagram, reproduced by permission from this 
handbook, gives the theoretical draught power of chimneys 
of different heights for varying outside air temperatures at 
atmospheric pressure : this may be calculated by the formula 
given above For example, to ascertain the draught power of 



DIAGRAM OF THEORETICAL CHIMNEY DRAUGHT POWER 


a chimney 200 feet high with an outside air temperature of 
80° F., and with the temperature of the chimney gases at 400° F., 
find at the bottom of the left-hand side of the diagram the figures 
400° F., follow the vertical line upwards until it intersects the 
80° F. air curve, then trace this horizontal line across the diagram 
to the right until it bisects the 200 feet chimney line, when the 
draught measurements will be found indicated at the foot of 
the vertical line below— viz., -98 inch. This figure gives the 
theoretical draught power, the actual draught power being less 
owing to friction and other losses inside the chimney. 
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Leiturl vill Questions. 

i it 26 lbs. ot air are used to burn a pound ot eoal containing 13,500 
B Th.U., and the temperature ot the flue gases is 550° F., what per cent, 
ot heat is lost up the chimney if the temperature ot the boiler room is 
70° F. V .A ns. 23-7 per cent. 

2. A coal fuol has the following jiercentage composition — 0 75, 
H 2 5, 0 2 3, N 2 2, remainder ash, etc. Find the weight of air theo- 
retically required for complete combustion, and the theoretical resultmg 
temperature it the .air actually supplied is twice that theorptically noces- 
sary * Aws. 10 6 lb. air; 2,600° F. 

3. A flue gas analysis shows tho following analysis in percentages by 
volume --('0 2 12, CO 1, ()_, 7, N., HO Find the an used in burning coal 
if the percentage composition ot tho fuel by weight is C -80, H 2 -4, 
() 2 —2. A n. s\ 15 lb. 

4. Coal, known as Wayne’s Merthyi coal, has the following composition 

(per cent ) (’ 87-49, H 3 66, 0 2 69, N 1 17, 8 -79, ash 3 00, moisture 1 -20. 

Find the calorific value per pound. Find also the calorific value ]>er pound 
ot olefiant gas (C 2 ll 4 ). A ns. 14,790 B.Tli.C. , 21,200 B.Tli.U. per lb 

5. In a boiler the tollowmg analyses ot coal and flue gases were obtained . 

Coal (by weight) Gvsks (by volume) 


c, 

80-5 per coni 

co„ 

9-79 per cent 

H, . 

4 7 

CO, 

1 47 

O, . 

6 4 

(), 

8 47 

N, . . 

I -5 

N\ 

80 27 

o, . 

Watei, • 




Ash, 

4 



Total, 

100 

dotal. 

100 


Find the excess air per pound and the weight carbon per pound burnt to 
CO and CO., respectively'. J ns. 7 lbs. oxcess air pel II) , ‘70 lb. burnt to 
C0 2 ; -105 lb. to CO. 

6. In the previous question, if the inlet temperature of the air is 80 J F. 
and the flue temperature is 580° F., find per pound of fuel the heat carried 
away by the products of combustion, by excess air, by moisture, and the 
heat lost by incomplete combustion. ( ’omparo those with the heat available 
in the coal. .dns. By products, 1,257 B.Tli.U. ; by excess air, 830, by 
moisture, 570 ; by incomplete combustion, 1,060 ; available heat — 14,130 
B.Th.U. per lb. 

7. Tho following figures are taken from the report of a trial of a four- 
cycle oil engine. Analysis of dry exhaust gases, by volume, per cent. : — 
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CO, 12-1, CO 2 0, () 2 2-0, N 2 83-9. Composition of the oil by weight, per 
pound (approximate): — C 0-86 lb., H 0-14 lb* The temperature of the 
exhaust gases leaving the engine was 800° F. (426-5° 0.), and the temperature 
of the air (52° F. (lb 5° (\). Calculate the heat carried away by the exhaust 
gases por pound of oil used. The steam formod by the combustion of the 
hydrogen passes away as superheated steam. Specific heats of the gases 
per pound -C0 2 0 210, CO 0 248, 0 2 0 218, N 2 0 244. 

8. Find the maximum efficiency of the generator of a suction gas pro- 
ducer, the composition of the gas produced, and the calorific value per 
cubic foot, assuming that the fuel is carbon, and that air only is passed 
through tlio fuel ; given that 1 lb. of hydrogen occupies 178 8 cubic feet ; 
that the calorific value of carbon monoxide is 342-4 B.Th.U (190 2 C.H.U.) 
per cubic foot; and that tho calorific value of 1 lb. of carbon is 14,544 
B.Th.U. (8,080 C.H.U. ). What is the effect of admitting steam in addition 
to the air («) on the working, (b) on the efficiency of tho producer. 

9. In a boiler trial 3,000 lbs. of coal were consumed m 24 hours. The 
weight of water evaporated was 28,800 lbs., mean steam pressure by 
gauge 95 lbs. The coal con tamed 3 per cent, of moisture and 3 9 per cent, 
of ash by analysis. Determine’ the efficiency of the boiler, and tho equi- 
valent evaporation (1) per pound of dry coal, (2) per pound of combustible. 
Feed water temperature 95° F. or 35° C. Calorific value of l lb. of coal 
13,000 B.Th.U., or 7,222 C.H.U. ; total heat of 1 lb. of steam at 110 lbs. 
per square inch absolute 1,184 B.Th.U., or 658 C.H.U 
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Lecture VI IT. — A M.Ixst.O.E. Questions. 

1. The volumetric analysis of the Hue gas ot a boiler gave tin' following 
results . — COo, 10 per cent. ; oxygen, 0-7 percent. ; nitrogen, 80 3 percent 
Find the weight of air supplied per pound ol coal if the coal contained 
82 per cent, of carbon, 5*3 per cent, of hydrogen, 4 per cent, of ash, and 
8-7 per cent, of incombustible gaseous products. 

2. (liven the analysis of the fuel, ot the Hue gases, the temperature of 
the flue gases leaving the boiler, and the temperature ot the air in the 
boilor-room, explain the method ot calculating the heat carried away by 
the Hue gases per pound ot fuel. 

3. The thermal efficiency ot a gas engine working with suction gas is 
30 |>er cent. The efficiency ot the producer is 80 |>er cent , and anthracite 
ot 14,000 B.Th.U per pound is used, costing 28s. per ton. The overall 
thermal efficiency ot a steam plant is In per cent., using coal of 12,500 
B.Th.U. per pound, costing 12s per ton. The brake efficiencies are 80 and 
02 per cent for the gas and the steam engine respectively What is the 
cost ot fuel in each case working at 100 B If 0 tor 3,000 houis, omitting 
stand-by losses ? 

4. The consumption of steam coal costing 19s. per ton in the case of a 
condensing oveitype supeiheatod steam engine, is 1-4 lbs. j>er B If. I*. -hour 
when developing 200 B.H.P , and 1 -9 lbs. per B. H. I*. -hour when developing 
50 B. H P. A suction gas plant has a consumption ol anthracite (costing 
28s. per ton) ot 0*9 and 1*7 lbs. per B. H. I ’.-hour at the same loads respec- 
tively. Draw the Wiliams line in both cases, and find at what load the cost 
of fuel iof the stoam plant is equal to that of the suction gas plant. 

5. The thermal ofhciency of a gas producer is 70 por cent., that of the 
engine it is supplying with gas 33 per cent., and the brake efficiency ot the 
engine is 80 por cent. The calorific value ot the tucl is 14,000 B.Th.U. 
Calculate the fuel consumption per B.H.P. -hour. 

0. In a boiler trial the following analysis of the flue gases was obtained : — 
By volume — carbon dioxide, 13 per cent. ; oxygen, 0 per cent. Find 
the pounds of air por pound of coal if the carbon in the coal was 85 per 
cent. (Air consists of 23 per cent, ot oxygen by weight.) 

7. Explain how you would determine the carbon dioxide, carbon mon- 
oxide, and oxygen present in the flue gas of a steam boiler. 

8. The analysis the flue gases by volume for a steam boiler is — -C0 2 , 
10 -5 per cent. ; 0 2 , 4-9 per cent. ; CO. 0-5 per cent ; and N, 84 1 per cent. 
Find the excess of air present. State what data would be required to deter- 
mine the heat lost in the flue gases, and the method you would adopt 
for determining the loss. 

9. A gas used in an internal-combustion engine had the following com- 
position by volume : — Hydrogen, 45 per cent. ; marsh gas (CH 4 ), 36 per 
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cent. ; carbon monoxide, 15 per cent. ; nitrogen, 4 per cent. Find the 
volume of air required for the combustion of 1 cubic foot of the gas. (Oxygen 
in air is 21 per cent, of volume,) 

10. The gases from a boiler flue pass through an economiser, entering 
at 650° F. and leaving at 350° F. If 4,000 lbs. of feed-water per hour 
are raised by this moans from 50° F. to 250 J F., find the weight of chimney 
gases passing through the economiser per hour. Specific heat of the gas 
— 0-24. Assuming 10 lbs. of water evaporated per 1 lb. of coal burned, 
find approximately the weight of air used per 1 lb of coal burned. 
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INTERNAL COMBUSTION # ENGINES GENERAL THEORY. 

Contents — Introduction -The Otto or Four-stroke Cycle- -Tlu* Clerk or 
Two-stroke Cycle — The J)ay Two-stroke Engine — Indicator Diagram 
for Two-stroke Engine- -Tlie Atkinson Engine — Scavenging in Internal- 
combustion Engines — The Explosion in internal-coin bastion Engines 
— Theoretical Pressures and Temperatures Obtauiable ; the Dis- 
sociation Theory; The Wall-action or Cooling Theory; the After- 
burning Theory ; tho Yanable Specific Heat Theory' — The Strength 
oPMixturo — The Hate ol Flame Propagation ; Explosion —Questions, 

In the steam engine, the heat generated by the combustion of 
the fuel is utilised to generate steam, which is the working iluid 
of the engine. This results in a loss of heat involved in the 
generation of the steam m addition to that involved in tin* 
working of the engine proper. 

In an internal combustion engine the actual process of com- 
bustion takes place in the cylinder itself. As a result, it is possible 
to obtain much higher temperatures in the cylinder, and, us 
would be expected from the second law of thermodynamics, 
this results in greater thermal efficiency of the engine, even 
though it is impossible in practice fully to utilise the high tem- 
peratures involved. 

The Otto or Four-Stroke Cycle. We have already consideied 
in Lecture iy , from the thermodynamic standpoint, the standard 
cycles employed in internal-combustion engines, we now will 
consider the cycles from the mechanical point of view. 

The most common cycle employed in practice is the Otto 
or four-stroke cycle. It is named after Otto, who in 1876 designed 
the first internal-combustion engine to be adopted extensively 
in practice. The credit, however, for the cycle should be given 
to Beau de Rochas, who outlined the process in a pamphlet 
published in 1862 ; he was the first to suggest compression of 
the charge without the use of an auxiliary pump. 

As the name implies, four strokes of the piston are required 
to complete the cycle : these are 

(1) Suction stroke , during which the piston moves forward and 
the charge of air and gas or atomised oil (the explosive mixture) 
is drawn into the cylinder. 
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(2) (' ompressunt stroke, during winch the piston returns and 
compresses the charge into the clearance space. 

(3) WorkuKi Shake. The compressed charge is fired when the 
piston reaches its dead point Tn most engines this causes an 
explosion accompanied by very considerable increase in pressure, 
and the gas (expands as the stroke proceeds As we shall see 
later, explosion occurs in all internal combustion engines except 
the Diesel engine, m which combustion proceeds over an appreci- 
able time period 

(I) Erhinist stioke, during which the piston returns and drives 
the burnt gases out ol the cvlinder 

The resulting diagram then takes the foim shown 


D 



In the case of single-acting engines, and most lnteinal- 
coinbustion engines are single-acting, it will be seen that only 
om l stroke of the piston in four is a productive stroke, so that 
for at least three-quarters of the running time of tin? engine 
the parts of the engine are not doing work. Moreover, the 
explosion sets up high stresses, which the cylinder and associated 
parts of the engine must be strong enough to resist ; such parts 
are, therefore, working at full load for only a fraction of their 
running time 

These shortcomings of the engines do not affect their thermal 
efficiency, but they do affect the practical values of the engine, 
and many internal-combustion engines, though possessing higher 
thermal efficiency, are actually more expensive to run than 
steam engines. Tnternal-combustion engines avy however, more 
convenient in use, especially for small power. 

Tt is due largely to the development of producer gas plants 
and of engines capable of working with crude oil that internal- 
combustion engines of large powers have come into use in recent 
years. 
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The various valves in a four-stroke cycle are usually controlled 
from a camrshaft driven at one-half of the speed of the main 
shaft, so that each valve is operated once in two revolutions 
of the main shaft of the engine. Many detailed examples of 
four-stroke cycle engines are gieen later in this book. 

The Clerk or Two-Stroke Cycle.— With a view to reducing the 
number of idle strokes in the internal-combustion engine, Sir 
Dugald Clerk introduced in 1881 an engine in which the explosion 
occurs once in every forward stroke of the piston instead of once 
in every alternate forward stroke, as in the Otto cycle. 

A diagrammatic section,* through an air-cooled two-stroke 
cycle petrol engine is given herewith. 

Thy power piston A, when near the bottom of its stroke, 
overruns a belt of ports B, through which the burnt gases at 
once escape into the atmosphere, as indicated by the arrows. 

C C is a charging pump driven by the engine, by which car- 
buretted air is drawn through the carburettor D and automatic 
suction valve E, and delivered through the pipe F F and auto- 
matic inlet valve H to the top of the combustion chamber. 

As arranged, it will be seen that when the power piston A is 
near the bottom of its stroke, • the pump plunger is moving 
rapidly towards the left, compressing its charge of carburet ted 
air ; so soon, therefore, as the pressure within the power cylinder 
is rein ved by the exit of the burnt gases through the ports B, 
the superior pressiyc above II causes this valve to open, and 
fresh mixture- at a pressure of 3 to 5 lbs. per square inch, 
immediately Hows into the cylinder, displacing the burnt gas 
and assisting its escape. To render this action most effectual, 
and at the same time to guard against loss of fresh mixture 
through the ports B, the combustion head is made of the expanding 
conical form shown in the diagram. Exhausting and charging 
thus occur simultaneously in the Clerk two-stroke cycle engine. 

The piston on its up-stroke first covers the ports B and then 
compresses the entrapped fresh mixture, the valve II auto- 
matically closing as soon as compression begins , at or near 
the top of the stroke the compressed charge is fired by the ignition 
plug K, and thy working stroke follows ; hence every down- 
stroke is a working stroke, and this engine accordingly gives 
one working impulse per single-acting cylinder per revolution. 

* This and the next illustration, together with the description, are re- 
produced by permission of the publishers from Aero Engines, by G. A. 
Burls, M.Inst.C E., published by Messrs. Charles Griffin & Co., Ltd. 

10 
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If the clearing-out # or “ scavenging of the exhaust gases 
were as complete as in a four-stroke cycle cylinder, and if as 
great a quantity of fresh mixture could be introduced in each 
charge, and if the mechanical efficiency of the two-stroke engine 
could be made as high as that of the other, then the two-stroke 
engine would develop the same brake mean effective pressure 
as its rival, and hence at the same revolution speed would give 
twice as much B.H.P. 

In practice, however, this is not realised ; the burnt gases 
must escape during the short interval of time that the exhaust 
ports B remain open at the end of each working stroke, while 
the fresh charge has to enter the combustion chamber in prac- 
tically the same interval; thus the scavenging is imperfect, 
and hence the amount of the entering fresh charge is less than 
m the four-stroke engine, wherein there is rather more than one 
complete stroke given up to each of the operations of exhausting 
and charging ; moreover, the presence of the rather bulky 
charging pump reduces the mechanical efficiency of the engine. 

Engines operating on the Clerk two-stroke cycle have proved 
very successful in the case of large stationary motors running at 
speeds of only 75 to 150 revolutions per minute, and many of 
these, of very large power, are at work, particularly in the well- 
known Koerting and Oechelhauser types ; the defects of the 
cycle are, however, aggravated in the small high-speed petrol 
engine, and accordingly the two-stroke car or aero engine has 
yet to establish itself in favour. About 1912 a small quick-speed 
two-stfoke Clerk-cycle petrol engine was produced substantially 
as shown an p. 146 (except that it was water-cooled), known as 
the “ Dolphin ” engine ; this showed a fuel consumption at 
full load and 1,000 revolutions per minute of only 0*68 lb. of 
petrol per B.H.P. hour, with a power output estimated as 1 56 
of that of an equal-sized four-stroke engine. Though a well- 
designed engine, the gain of power by the adoption of the two- 
stroke mode of working was thus only 56 per cent., while the 
addition of weight due to the charging pump probably resulted 
in the weight-power relation being increased rather than dim- 
inished. 

The Day Two-Stroke Engine.— A very ingenious form of the 
two-stroke cycle engine was invented by Day in 1891, and is 
shown diagrammatically on p. 148. He dispensed altogether 
with a separate charging pump by causing the crank-chamber 
C C to perform this function, the lower part of the power piston 
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acting as the pump plunger , lie contrived, moreover, to dispense 
with tin 1 inlet valve loy arranging for the power piston itself 
to act as both inlet and exhaust valve. Near the bottom of the 
down-stroke the piston A first overruns the exhaust poit B, and 
the burnt gases at once rush out: almost immediately after- 
wards the inlet port II is opened and the fresh charge under 
slight compression in the crank-chamber due to the descent of 
the piston- Hows into the cylinder through the passage F, and 
is deflected upwards by a lip P on the piston, so as to prevent, 
as far as possible, any short-circuiting through the exhaust B 
As m the previous case, the ascent of the piston first shuts oil 
the ports II and B, and next compresses the fresh charge into 
the combustion head, when it is fired and the working stroke 
follows, at the same time there is a paitial vacuum caused in 
the crank-chamber and the suction valve E accordingly opens, 
admitting a fresh charge of mixture from the carburettor I). 
This is known as the “ two-ported ” engine , by connecting the 
caiburettor with a port which is opened by tiie lower edge of 
t he piston when near the toy of its stroke the valve E can be 
omitted . this is the “ three-ported " Day engine, and in this 
form the motor is valveless, though in practice it is usual to fit 
a simple non-return valve in the suction pipe, even in the three- 
poibal type, to reduce the liability to “ upset ” the mixture. 

Though the simplest form of internal-combustion engine that 
has yet appeared, the Day engine usually suffers in a somewhat 
marked degree from most of the defects of the two-stroke cycle 
already* referred to; the imperfect scavenging causes the fiesh 
charge take.n by the cylinder to become so diluted that great 
care must be exercised in adjusting the carburettor to give just 
the requisite strength of mixture, otherwise the engine reverts 
to a sort of four-stroke cycle, every alternate down-stroke be- 
coming a “ scavenging " stroke , thus the Day petrol engine 
is very sensitive ” on its mixture Further, there is at low 
speeds a considerable loss of fresh mixture by short-circuiting 
across through the exhaust , at high speeds this loss is much 
reduced, but the volume of fresh charge taken in is then much 
smaller. Some -tests made bv Watson and Fcnning in 1910 
on a small three-ported 3{" >( 3}" Day petrol engine showed 
that at 600 r p.m. 36 per cent, of the fresh charge was lost 
through the exhaust port, while at 1,200 r p.m the loss was 20 per 
cent. The volumetric efficiency was about 40 per cent, at both 
speeds, the greater loss of fresh charge through the exhaust 
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port at the lower speed counterbalancing the larger volume of 
charge then entering the cylinder. 

The B H.P. was 4*2 at 1,200 r.p.m., and the mechanical effi- 
ciency at this speed was 80 per cent., the value of np being 
51 .$ lbs. per square inch. Watson ?nd Fleming concluded that 
this engine gave at 900 r.p.m. about 1-47, and at 1,500 r.p.m. 
about 1*29 of the power of a four-stroke engine of equal bore, 
stroke, and speed. 

Notwithstanding its drawbacks, the combined advantages of 
simplicity, low production cost, and an impulse every revolution 
have resulted in very large numbers of these engines in the 
singlc-cylindered form being employed for the propulsion of 
small motor boats, especially in America ; in recent years also 
a large number of builders of motor bicycles recommenced using 
engines of this type in the production of light and low-priced 
machines. 



Indicator Diagram Jor Two-Stroke Engine .— The accompanying 
diagram illustrates an indicator diagram taken upon a Koerting 
gas engine, which is a double-acting gas engine working upon the- 
two-stroke cycle ; some further particulars of this- engine are 
given on p. 172. 

The Atkinson Engine. Although mechanical complexity 
ultimately resulted in the engine becoming obsolete, the engine 
invented by Mr. Atkinson in 1895 was of so great interest that 
an account of it appears to be useful in any educational work 
upon the subject. 

In the Otto cycle the ratio of expansion of the gases after 
ignition is no greater than the ratio of compression ; as a result, 
the temperature and pressure are still appreciably high when 
release occurs. It is, therefore, desirable to obtain a larger ratio 
of expansion than compression, and Mr. Atkinson set out to 
design an engine in which, by the aid of a linkage mechanism, 
the working stroke was approximately twice the suction stroke. 

In the first form of Atkinson’s engine two pistons acting differ- 
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of rods, links, and lovers. The admission and exhaust were 
operated by valves in the ordinary way. 

The cylinder A is placed upon a strong base plate B, in the 

interior of which is 
mounted the linkage 
mechanism, four posi- 
tions of which are shown 
m diagrammatic form 
on the accompanying 
figure. 

The connecting-rod c 
is pivoted to a vibrat- 
ing link H, which is * 
connected by a lever E 
to a fixed point L, and 
by a lever M to the 
crank M 1 carried by the 
engine shaft K. 

It will be seen from 
the figure that m one 
complete revolution of 
the crank M 1 the piston 
is given two reciproca- 
tions, the stroke on the 
second reciprocation be- 
ing in excess of that on 
the first; with the pro- 
portion of Lhiks shown 
the ratio of stroke is 
2-5 : 4-3. 

A 5-5 I.H.P. Atkin- 
son gas engine tested 
in London in 1888 gave 
a B.H.P. of 1*9 and a 
thermal efficiency of 
19*5 per cent, reckoned 
on the* B.H.P. This 
was the highest recorded 
efficiency at that time, 
but the increase in 
thermal efficiency was 
not sufficient to make up for the practical objections of complexity 
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of the linkage mechanism, so that manufacture of the engine 
was discontinued. 

Scavenging in Internal-combustion Engines. The term 
‘‘ scavenging *’ is employed in internal-combustion engines to 
describe the process of drying the exhaust gases out of the 
clearance spaces. We have already pointed out in our description 
of the two-stroke engine that one weakness of that engine is 
its poor scavenging. If the clearance spaces remain full of the 
products of combustion at the end of the exhaust stroke, the 
incoming charge will become diluted and so power will be lost. 

In the early days an attempt was made to overcome this 
objection by the addition of two additional idle strokes to the 
Otto. cycle, giving a six-stroke cycle. 

The cycle was, therefore, as follows : — 

1st stroke, . . . Suction of charge. 

2nd ,, Compression. 

3rd ,, . . Working. 

1th ,, . . Exhaust. 

5th ,, Suction of air. 

Gth ,, Scavenging by expulsion of air. 

li was, however, found that there was not sufficient advantage 
m this procedure to compensate for the di awback of having 
two additional idle strokes, and the use of such strokes was 
soon discontinued. 

A simple, scavenging device introduced by Mr. Atkinson on 
the Crossley engines was to make use of the momentum of the 
steam of escaping exhaust gases to draw r in fresh air, by opening 
the air admission valve before the exhaust valve is closed ; in 
order to produce the necessary momentum of the exhaust gases 
an exhaust pipe about 65 feet long was employed The Crossley 
engine with this scavenging device was found to have a high 
efficiency, and considerable attention was given at the time to 
the subject. Dugald Clerk, in his paper before the Institution 
of Civil Engineers in 1896, on “ Itceent Developments in Gas 
Engines/ 5 deals in detail with the trial results of this engine, 
lie arrived at the conclusion that the procedure effectually 
cools the cylinder and prevents premature ignition ; that the 
compression pressure of the fresh pure charge is increased, and 
wTth it the power of the engine. He attributed the principal 
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advantage to the increased compression^, and this is attained 
in modern engines by decreasing the clearance spaces, so that 
special scavenging devices are now seldom employed. 

The scavenging action in the Premier gas engine is obtained 
by the use of an enlarged end A of .the piston, which is made to 
act as an air pump. During the exhaust stroke air is compressed 
into an air space C surrounding the main portion of the cylinder ; 
this compression is caused by the difference in area of the enlarged 
end A of the piston and the piston proper B. When, therefore, 
the admission valve D is opened, the air compressed in the 
space C rushes in and sweeps out the burnt gases through the 



exhaust valve E before the working charge is drawn in ; for this 
purpose the admission valve D is opened a little while before the 
exhaust valve E closes. 

The Explosion in Internal -combustion Engines ; Theoretical 
Pressures and Temperatures Obtainable— If a charge of com- 
bustible mixture of gas and air be drawn into a ’cylinder and the 
flywheel be held so that the cylinder volume must remain con- 
stant, then if the charge be ignited a rapid rise in pressure will 
occur. By means of the methods explained in the previous 
lecture, we can calculate the number of thermal units liberated 
by the ignition from a knowledge of the contents of the charge, 
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and, knowing the specific heat of the gas, we can calculate the 
temperature which we would expect as a result of the explosion ; 
P V 

then assuming the law — - to hold, w r e could calculate the resulting 

pressure which should he obtained if our theory is correct. 

If, for instance, the heat of combustion per pound of gas is 
H and C„is the specific heat at constant volume, we shall have- - 

H 

Rise in temperature = . 

W 

A large number of experiments of this kind have been made, 
and it has always been found that the pressure obtained is less 
than ‘that calculated, the actual pressure being usually about 
one-half of the calculated pressure. 

The following figures were obtained by Dugald Clerk with 
various mixtures of coal, gas, and air : — 


Air 

Kat, ° ( i H9 

PiebSlIK* 

lbs /in - 

Tenipei.ituie 

C C calculated fimii 





hj Volume 

01)5i*i veil 

Calculated 

Obsei veil 
I’rcssiue. 

Ilyatof 

Combustion 

14 

40 

89-5 

800 

1,780 

13 

51 -5 

90 

1,033 

1,912 

• 

12 

(50 

103 

1,202 

2,058 

11 

01 

112 

1,220 

; 2,228 

9 

78 

134 

1,557 

2,070 

7 

l 

87 ; 

108 

1,733 

! 3,334 

6 

90 

192 

1,792 

3,808 

5 

91 


1,812 


4 

.80 


1,595 



A number of explanations have been put forward to explain 
these observed facts which have been confirmed by other experi- 
menters, such as Bunsen, Hirn, Mallard, and Le Chatelier. 
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The four chief theories that have been put forward are usually 
classified as - * 

(1) Dissociation Theory. 

(2) Cooling or Wall-action^Theory. 

(3) After-burning Theory. 

(4) Variable Specific Heat Theory. 

(1) The Dissociation Theory. This theory is often attributed 
to Bunsen, and is based upon the known fact that some gases 
“ dissociate ” at high temperatures into their constituents, and 
that the process of dissociation absorbs heat, thus reducing the 
temperature and pressure of the explosion. 

Experiments by Grove and Deville show definitely that steam 
and 00 2 commence to dissociate at a temperature of about 
1 ,000° C. and 1,300° 0. respectively. 

On this theory heat will be absorbed at the high temperatures 
at which dissociation takes place, and will be given out again 
when the elements of the gas re-combine ; this would cause 
the actual expansion curve to come above the theoretical ex- 
pansion curve for adiabatic expansion, and this, in fact, is found 
to be the ease. 

On this theory, on the other hand, we should expect the effect 
to be more marked with rich mixtures which give a high explosion 
temperature than with weak mixtures which give a lower ex- 
pansion temperature", whereas a study of the results obtained 
shows that the loss of pressure is practically the sartie with 
weak as with strong mixtures. 

It is clear, therefore, that the dissociation theory does not 
give a complete explanation of the observed facts, and the 
general opinion of the scientific authorities appears to be that 
dissociation is only one of the contributing causes of the apparent 
loss of pressure on explosion. 

(2) The Wall-action or Cooling Theory. This theory assumes 
that tin 1 cooling effect of the cylinder walls is so great that the 
pressure actually obtained must fall much below the ideal cal- 
culated. If this theory were true, then the discrepancy should 
be much greater with larger vessels than with small ones, and 
would vary greatly with the shape of the vessel, but this is not 
found to be the case. 

The general opinion is that wall-action is an important field 
for consideration, but that it does not account fully for the 
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observed difference between observed and theoietieal Jesuits. 
Messrs. Bail stow and Alexander made experiments on a mixture 
of coal gas and air in a cylinder 18 inches long and 10 inches m 
diameter, the pressures being recoided upon a recording dium : 
they express the opinion that “ at the high pressure reached 
by the best explosive mixtures, the loss due to cooling is less 
than the errors of observation, tin* calculated and actual values 
differing only on account of dissociation. At the lower pressures 
given by the weaker mixtures the whole of the loss of pressure 
is due to cooling." 

The student will find an extensive treatment of the subject 
of wall action in Mr. A. W Judge’s book upon “ High-speed 
Internal-Combustion Engines ” (Pitman’s). 

In this connection we should mention that experiments have 
shown that the mean pressure obtained m gas engines with 
polished combustion chambers was perceptibly higher than in 
the case in which the chambers had a carbon-coated surface. 

(8) The Afterburning Theory. This theory was strongly 
advocated at one time by Sir Dugald Clerk to explain the observed 
discrepancies , lie suggested that the combustion of the gas is 
not as rapid as supposed, and that all the heat w r as not liberated 
before' the moment of highest pressure. In an actual gas engine 
this would mean that the gas would be burning right through 
the working stroke, and that it must sometimes happen that 
unburnt gas would pass away in the exhaust. 

Experiments made by the late Prof. ITopkinson, however, 
led him* to the conclusion that even in the weakest mixtuies 
combustion is almost instantaneously complete when once 
initiated at any point, and Prof. Burstall has shown that a com- 
plete heat balance analysis can be obtained without the need 
of any such after-burning hypothesis. 

In a later paper (1906) by Sir Dugald Clerk, he states that, 
“ When the writer began the present investigation he believed; 
that these phenomena of slower chemical action furnished a 
complete explanation of the discord between theoretical and 
observed results, and that there was no need to assume any 
considerable dissociation or variation of specific heats of the 
products of combustion. The present experiments, however, 
appear to him to indicate a real change of specific heat as well as 
continuation of combustion. The experiments do not exclude 
dissociation or any other molecular change which, by requiring 
the performance of work, w r ould change specific heat.” 
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(4) The Variable Specific Heat Theory t — This theory probably 
accounts for more of the observed discrepancy than the others 
which have been advanced. 

After correction of the calculated results for variation in specific 
heats, the discrepancy reduces from about 50 per cent, to about 
25 per cent. We have already dealt in detail in Chapter IV. 
with the effect upon the theoretical efficiency of making allow- \ 
ance for variation in specific heat of the gas. 

The Strength of Mixture.- We have shown in the previous 
•chapter how to calculate the quantity of air necessary for com- 
plete combustion of a fuel of given composition ; experiments 
have shown that most economical results are obtained when 
there is an excess of air. For a gas requiring theoretically, about 
5 cubic feet of air per cubic foot of gas, Prof. Burstall obtained 
the most economical result with from 9*5 to 10-8 cubic feet of 
air per cubic foot of gas. 

One explanation which has been put forward of this established 
fact is that with a strong mixture the composition of the gas 
varies in different parts of the cylinder, so that some of the gas 
has not around it sufficient oxygen for combustion ; this would 
not be so likely to occur with weak mixtures. Experiments 
made by Prof. Hopkinson did not detect a greater percentage 
of unburnt gas in the exhaust from strong mixtures than from 
weak mixtures. 

Another explanation is that with strong mixtures the tempera- 
ture of explosion is higher and more heat is lost by wall action. 

It is advantageous that weak mixtures give improved effi- 
ciencies because in large gas engines strong mixtures would 
cause excessive shocks of the explosion ; with weak mixtures 
it is necessary to adopt high compression, but Prof. Burstall 
has found that in gas engines no increase in efficiency is obtained 
after a compression to about 175 lbs. per square inch. 

Rate of Flame Propagation : Explosion. — The work of a number 
of experimenters upon the rates of flame propagation in mixtures 
of different gases, in diluted mixtures, and in mixtures under 
different degrees of compression, have established the following 
facts with regard to the rate of flame propagation in an explosive 
mixture : — * 

(a) It is diminished as the proportion of an inert gas present 
is increased. 

(b) It depends upon the proportions of active constituents. 

(c) It is diminished as the rarefaction of the mixture increases. . 



HATE OF FLAME* PROPAGATION : EXPLOSION. 


159 


(d) It is increased as the temperature of the mixture is raised. 

(e) It is much greater at constant volume than at constant 
pressure. 

In all explosive gases there is a range of mixtures within which 
it is possible to obtain an explosion. In the case of petrol vapour 
and air, with a ratio by weight of air to petrol of less than about 
8 or more than 22, it is impossible to obtain an explosion in the 
ordinary petrol engine. 

Students requiring more information upon these important 
points in the theory of internal-combustion engines are referred 
to the following books : — Dugald Clerk’s Gas , Oil , and Petrol 
Engines , 2 vols. ; A. W. Judge’s High-Speed Internal- combustion 
Engines ; Wimperis’ Internal-combustion Engine. 
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Lecture IX. — Questions. 


1. A single-acting 10 H.P. air engine at 100 revolutions per minute works 
between 115 and 14 -7 lbs. per square inch absolute pressures, works on a 
constant-pressure cycle, and the volume ratio of expansion is 5 . 1, neglecting 
clearance, and compression begins when the return stroke of the piston 


is — completed. 


The expansion and compression curves are P V 1! — c. 


Assuming that the actual engine will give 90 por cent, of the work theo- 
retically computed, find the size of cylinder (stroke - diameter) and the 
consumption of free air per I.H.P -hour Ans. 1P2 inches; 645 cubic feet 
per J.H.P.-hour. 


2. The following figures give the results of some tests upon oil engines : — 


Name of 
Engine. 

Revs. 

pel 

r II P. 

B.H.P. 

Oil used 

Cal value 
of Oil 
per lb 

B Th.l 

Oil used in lbs 
per hour per 

Min. 




I II P. 

B If 1>. 

Diesel, 

154 

24-7 

17-8 

Light oil, . 

18,370 

•39 

•52 

Hornsby, . 

202 

310 

26 7 

Russolene, . 

19,100 

•63 

•74 

Crossloy, . 

204 

201 

15-5 

Daylight, . 

18,720 

•61 

•79 

Tangye, . 

200 

21-4 

18-0 

Russolene, . 

18,630 

•6& 

•80 

Priestman, 

207 

7-4 

6-7 

Russian, 

19,500 

■86 

•94 

Premior, . 

160 

7-3 

6-5 

Russolene, . 

18,600 

•93 

1-04 


Add columns showing the mechanical efficiency, the thermal units per 
minute per I.H.P. and B.H P., and the thermal efficiency taking tho B.H.P. 
Note that the above are for different powers, and so do not give relative 
efficiencies of different makes. 

3 Explain how tho theoretical temperature obtainable from air explosive 
gas mixture can be calculated. Is this temperature ovei; realised m practice ? 

4. Trove that the theoretical efficiency of an engine working on the 
Otto cycle depends only on the ratio of compression adopted. In an engine 
using this cycle 16-3 cubic feet of gas are used per I.H.P. hour, the calorific 
value being 650 B.Th.U. per oubio feet. If the ratio of speoifio heats at 
constant pressure and at constant volume is 1-36, and the ratio of com- 
pression is 4-5, find the actual and theoretical thermal efficiency. 




QUESTIONS. 


161 


5. ft is invariably found, in the trial of a gas engine, that, notwith- 
standing the great rejectidi of heat to the cooling water during expansion, 
the expansion curve is frequently above the adiabatic, (live the different 
theories which have been advancod in older to explain this, quoting any 
experimental evidence in favour of any or all of them. 

6. Give a concise account of ne practical method of determining the 
temperature of explosion m a gas engine. In a trial of a gas engine the 
temperature at a point m the expansion stroke was measured and found 
to be 1,103° G. (2,017° F.), tho corresponding pressure being 84 5 lhs. per 
square inch, and the volume 358 cubic inches. Find the tempeiaturo 
correspondmg to the highest pressure of the explosion, 353 lbs. per square 
inch, is the correspondmg volume is 130-4 cubic inches. 

7. Explain tho chief advantages obtained, and the difficulties to be 
overcome, in using a two-stroke cycle tor both large and small internal- 
combustion engines. If the working substance may be considered to have 
the s&mo properties as air, show' that the efficiency E of such an engine 
working on either the constant piessure or constant volume cyclo is ox- 
pressed by 



where V is the volume of the piston displacement, r is the cleaianco volume, 
and p v f — constant, is the law of adiabatic expansion and compression. 
What is tho chief error m the assumptions on w'luch the foi inula is based ? 

8. Give a concise account of the principal results of researches to deter- 
mine the values of tho specific heats of gases at high temperatures. Explain 
what boaring these results have on tho theory of the internal-combustion 
engine. 


11 
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Lecture IX. — A.M.Inst.C.R Questions. 

1. The pressure and volume at several points in the compression of a 
gaseous mixture in a gas-engine cylinder is shown in the following tablo : — - 


Pressure, . 


20 

45 

80 

130 

Volume, . 


4-73 

2’52 

1-62 

M0 


Assume the curvo can bo represented by an equation of the form P V, ( = c, 
and determine the value ol ?i. 

2. Describe shortly how you would carry out the test of a gas ongino of, 
say, 20 B.H.P., using towm’s gas, with the object of ascertaining the gas 
consumption per B.H.lh-hour. 

3. The explosive mixture m a gas-engine cylinder can produce 600 B.Th.U. 
per pound. At the beginning of compression the tompcraluro is 250° F. 
Uompression takes place adiabaticallv to one-seventh the original volume. 
Explosion then occurs at constant volume. What theoretical temperature 
would be reached, assuming constant specific heats: (\ - 0*19 and 
C P = 0-26 ? 

4. Sketch the indicator diagram of an Otto cycle gas engine, explaining 
what each portion ol the diagram represents. 

5 1 the curve of compression or expansion in a gas-engine cylinder 
is of the form P V" - V, explain clearly how you would determine the 
index v What use can be made of n after it has been determined ? 

6. The following results were obtained from a small oil engine : — Devolu- 
tions per minute, 250 ; explosions per minute, 100; diameter of cylinder, 
7 inches ; stroke of piston, 14 inches ; oil used per hour, 4£ lbs ; calorific 
value of oil per pound, 18,000 B.Th.U. ; mean pressure on piston, 45 lbs. 
per square inch ; load on brake, 40 lbs. ; radius of brake arm, 2 feet. 
Find the indicated horso-power, and the mechanical and thermal efficiency 
of the engine. 

7. A gas engine of 500 B.U.P. consumes 16 cubic feet of coal gas per 
B.H. P.-hour. The difference between the specific heats of the gas at 
constant pressure and constant volume is 120 B.Th.U., and of the mixture 
of air and gas after the explosion 56. The ratio of air to gas by volume is 
10 to 1. The pressure at the end of the suction stroke is 13 lbs. absolute, 
and the temperature of air and gas at the end of the suction stroke is 100° F., 
the pressure at tho end of compression 60 lbs. per square inch absolute, 
at the end of explosion 144 lbs. per square inch absolute, and temperature 
2,500° F., and constant-pressure expansion takes place at that pressure 
until a temperature of 2,700° is reached, expansion then following the law 
p yi .32 constart. If the ratio of expansion is 4 to 1, find the clearance 
volume, temperature at end of compression, weight of the mixture heat, 
units added during explosion (at constant volume), and temperature of 
release assumed to be at the end of the stroke, and heat rejected in the 
exhaust. 
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GAS ENGINES. 

Content's. — ignition ; Slide Valve ; Hot Tube ; Eleotnc — Governing 
Gas Engine ; Hit-and-miss Method ; Variable Quality Method — 
The Campbell Gas Engine — The Korrtmg Gas Engine. 

We will now describe in some detail the construction of some 
gas engines and their accessories. Nearly all gas engines of small 
and moderate powers work upon the Otto cycle (four-stroke), 
but some largo power engines working on tin 1 Clerk (two-stroke) 
cycle give very good results in practice. 

The first form of gas engine 1o obtain extended use was the 
hoijzontal single-acting typo, which is still by far the most 
common ; Otto’s engine of 187G possessed many of the feat in es 
- the open cylinder, trunk piston, and half-speed cam-shaft 
of the familiar form of horizontal engine, and was first manu- 
factured in this country, we. behove, under Otto’s patents by 
Messrs Orossley. 

Ignition.— In the 1876 form of the Otto engine the ignition 
of the compressed gases was effected by carrying a tongue of 
flame, through a narrow port in a transverse slide valve, from 
a gas jet that was kept burning outside. To prevent the gases 
from blowing back tin; valve, when the explosion took place 
the slide was arranged so that the port in it, which served to 
carry the flame, had passed under a cover which shut it off from 
the atmosphere, before it reached the fixed port m the cylinder 
cover through which the flame passed to ignite the contents 
of the cylinder. This method is now quite obsolete. 

In the position shown the firing stroke is taking place ; in 
the position of the slide valve on the extreme left tin' firing 
chamber is in register with the ignition charge gas inlet J, and 
the cylinder on the suction stroke sucks in a charge of gas and 
air through the slide valve charge chamber U, which is then in 
register wuth the cylinder port P. The slide valve then moves 
to the right as compression takes place, and the firing chamber 
F, then full of gas, passes the burner and the gas becomes ignited, 
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and the slide immediately moves to the position shown, whereupon 
the flame extends to the compressed charge. 



Flame Ignition of Otto's Engine. 


The Hot Tube Ignition.- -Tim slide-valve method of ignition 



was replaced in 1888 by 
the hot-tube ignition de- 
vice, which can still be 
found giving satisfactory 
results on some gas engines. 
A cast-iron tube T is closed 
at the top, and is sur- 
rounded by an ’asbestos 
lining L ; it is kept at a 
red heat by a Bunsen 
burner. During the com- 
pression stroke a cam on 
the counter-shaft lifts the 
timing valve E into the 
port D. No portion of 
the compressed charge can, 
therefore, enter the tube, 
and any burnt gases left 
in it escape through a port 
A into the atmosphere. 
At the inner dead point, 
when the piston has com- 


Hot-Tube Ignition for Gas Engine. pleted the compression 
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stroke, the valve E iis withdrawn and the compressed gas 
passes through the port 0 into contact with the red-hot tube T, 
and is there fired and ignites the charge. 

Electric Ignition — Electric ignition is now gradually replacing 
the older methods of ignition in many gas engines. As in the 
case with petrol engines, the electric ignition was at first obtained 
by means of a high-tension spark from an induction coil, but 
low-tension magneto ignition is now most common. 



“ Hit-and-Miss " Governing of Gas Engines. 

Governing Gas Engines. — The most common method of govern- 
ing gas engines is by the £ ‘ hit-and-miss method .” In this method 
of governing, the operation of the gas inlet is effected through 
a transmitter controlled by a governor, either of the centrifugal 
or the inertia type. If the speed rises, the transmitter is moved 
out of the operating “ pecker,” so that the gas-inlet valve does 
not become operated ; the engine, therefore, misses explosions 
until the speed reduces to normal. 

The figure illustrates in diagrammatic form this method of 
governing. The transmitter T is suspended by a rod R from a 
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lever L fulcrumed at the end F ; this lover is also pivoted to 
the sleeve S of the governor ; in the normal position of the 
governor the transmitter hangs centrally with respect to the 
valve Y. The pecker P is mounted on an arm A provided with 
a roller B, which is held by spring action in contact with a cam 
C ; this pecker engages the transmitter T in the normal position 
of the latter, and thus operates the gas valve V. When the 
speed rises, the sleeve S lifts the transmitter T out of the path 
of the pecker, so that no operation of the gas”. valve results. 



: load 




Indicator Cards for Governing by Variable Quality. 

Where a more sensitive method of governing is required, so 
as in engines for driving electric generators, the variable quality 
method is often employed. 

In this method of governing the compression remains prac- 
tically constant, and the piston receives an impulse every cycle. 
The variable quality of the charge is usually secured by opening 
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the gas valve earlier* or later during the suction stroke, but 
always closing it at the end of the stroke. 

The accompanying diagrams wore taken from a Campbell 
gas engine, and illustrate the effect of variable quality governing 
upon the indicator cards. 

An advantage of the constant compression which is clearly 
brought out by the cards is that we obtain a constant cushioning 
for the inertia of the reciprocating parts. 



The Campbell Gas Engine. The accompanying drawings of a 
Campbell gas engine giving 35 B.H.P. on producer gas and 
41 B.H.P. on town gas illustrate the detail construction of a 
good design of gas engine. The following particulars, quoted 
from the specification issued by the Campbell Gas Engine Co., 
Ltd., of Halifax, may be of interest . 

Bedplate . — A feature of the bedplate is that it extends beneath 
the cylinder as far back as the combustion chamber, thus sup- 
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porting the cylinder along the whole wqfking length. Most of 
the engines have an oil trough around the bedplate ; this catches 
all waste oil and prevents it from soaking into the foundation, 
and it also largely increases the area of the bedplate resting 
on the foundation. 4 

Cylinder . — In all cases a removable line of specially hard iron 
is provided. In the smaller engines the whole cylinder is separate 
from the bedplate casting ; in the larger engines the combustion 
chamber containing all the valves, etc., is removable. 



Showing Air and Gas Valves. 

Crankshaft, Connecting-rod, and Gearing . — These are machined 
from solid forgings of the best Siemens-Martin acid open-hearth 
steel, the material used being subjected to periodical tests. The 
crank-shaft runs in long adjustable bearings, and in larger sizes 
is fitted with balance weights. The connecting-rod has adjustable 
marine pattern bearing at the large end, the small end being 
solid with asjustable brasses. In engines of 85/100 max. B.H.P. 
and upwards the gudgeon pin is shrunk into the end of the con- 
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necting-rod and works*in two adjustable bearings in the piston. 
All gear wheels are machine-cut and provided with suitable 
guards. 



End Elevation of Campbell Gas Engine. 

Showing “ Hit-and-miss ” Governor. 

(The dotted lines show alternative construction with two flywheels). 


Valves . — All gas and mixture valves are fitted in removable 
plugs or valve boxes with ground metal -to-metal joints requiring 
no packing. Exhaust valves have covers with ground joints and 
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removable guides. All cams and rollers a/’e accurately machined 
and rollers run on hardened steel pins. 

Ignition - Magneto electric ignition is fitted to all the standard 
gas engines. The smaller engines up to 9/10 max. B.H.P. in- 
clusive, are fitted with the high-tension system. Engines above 
this size are fitted with low-tension magnetos, and also with a 
variable timing device which can be operated while the engine 
is at work. 

Lubrication . — In most of the engines the piston and cylinder 
are lubricated by a force pump, with sight feed, easily regulated 
while at work, and an independent sight feed lubricator is pro- 
vided for the piston-pin bearing, so that it is not dependent upon 
receiving oil from the cylinder. The crank-pin bearing is fitted 
with a centrifugal oiler having sight feed which can be regulated 
and replenished while the engine is running. The crank-shaft 
and cam-shaft bearings are fitted with automatic ring lubricator ; 
the oil is contained in an enclosed reservoir, and is used over 
and over again. 

Ilorse-poicer. -The horse-powers specified are those which can 
be obtained over long periods ; they are based upon an engine 
working at about sea level with a producer gas of calorific value 135 
B.Tli.U. per cubic foot or town gas of 6(X) B.Th U. per cubic foot. 

If an engine is installed at any appreciable height above sea 
level, less power will be developed owing to atmospheric con- 
ditions. The loss of power is about 3 per cent, for every 1 ,000 feet 
(300 metres) elevation. This applies to any internal combustion 
engine. 

Fuel Consumplmi. The consumption of anthracite coal varies 
from 5 lb. to 1} lbs. (-34 to -56 kg.) per brake horse-power per 
hour, according to the size of the engine. The consumption of 
coke is about 25 per cent, greater, and of charcoal about 30 per 
cent, greater. An engine working with town gas will use from 
11 to 22 cubic feet (-40 to -62 cubic metre) per B.H.P. per hour. 
A large engine uses less fuel per horse-power than a small one. 

Cooling Water. -The standard water tanks are of suitable 
capacity for a temperate climate like that of England. In hot 
countries greater cooling capacity is required, amounting to 
two or even three times as much as that necessary in a temperate 
climate. 

With the larger engines, especially in a hot climate, it is often 
advisable to instal some form of cooler which will occupy con- 
siderably less space than tanks of the necessary capacity. 
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I HO 153 130 160 

1«>6 I 130 185 156 150 
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Compressed Air Starting Apparatus. 


Y* * - 4 

■ 

l)BSCRH*TION. ; 

Maximum 

1UI.P. 

of Engine for 
winch Biutable 

i 

Maximum j 
Working | Kev *- 
Pleasure. ^j n 

r 

Pulleys. 

Dia Wdth 

Self-contained starter, having 1 
belt-driven air compressor 
mounted upon the air re- 
ceiver, .... 

56/08 B.H.P. 

Lbs. per Vbout 
aq 111. 

150 lbs. 250 

Ins Ins 

24x3^ 

Belt-driven air compressor, 
with separate air receiver, | 
4 ' 0" high X I' 6" dia- ! 
meter, . . . . j 

85/100 B.H.P. 

200 lbs. 250 

24x3£ 

Bolt-driven air compressor, 
with separate air receiver, ! 
5' high x 2" diameter, . j 

156/185 B.H.P. 

200 lbs. ! 250 

24x3* 

Air compressor direct coupled 
to gas engine, with separate 1 
air receiver, 5 ' high x 2' 
diameter. 

l)o. do., but with paraffin! 
(kerosene) 
engine. 

Do. do,, but with benzine | 
(petrol) engine. ; 

Do. do., but with electric i 
motor. ) 

156/185 B.H.P. 

, 200 lbs. 

' 



The Koerting Gas Engine.— The Koerting engine, which is 
manufactured in England by Messrs. Mather & Platt, Ltd.,- 
is an interesting example of a large power gas engine working 
on the two-stroke cycle. Engines of this type are extensively 
used as blowing engines, utilising blast-furnace gas, and they 
have been made in sizes capable of developing 2,000 H.P. in a 
single cylinder. 

The cylinder is double-acting, and there are two working 
impulses per revolution, the charge of gas and air being delivered 
to the engine cylinder by separate pumps. The engine is of simple 
construction, and all working parts are above floor level. 

The figure shows a horizontal section through the power 
cylinder and the two pump cylinders, one of which supplies air 



TIT E KOERTINK GAS ENG INK. 


173 


and the other gas to the power cylinder. The length of the 
power cylinder is practically equal to twice the stroke, and has 
more or less conical ends, at which are situated the admission 
valves. Round the centre of the cylinder are situated a number 
of exhaust ports commur 'casing with an exhaust belt leading 
to the exhaust pipe and silencer. The piston is double-ended, 
with convex ends, and in length equals the stroke. When the 
piston is nearing the end of its stroke as in the figute (it is 
moving to the right)- -the exhaust ports are uncovered, allowing 
the products of combustion to escape to the atmosphere. At 



the end of the stroke, when the cylinder pressure has fallen to 
that of the atmosphere, the admission valve is opened and a 
scavenging charge of air is forced through by the air pump, 
thus effectually clearing the cylinder. The gas pump — the 
discharge of which is slightly later than that of the air pump — 
now forces a charge of gas into the cylinder, which, mingling with 
the air from the air pump, forms the mixture for the power 
stroke. As the piston moves backwards the exhaust ports are 
covered, and the charge is compressed and ignited in the usual 
manner. The same cycle is repeated at each end of the piston 
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alternately, and thus the turning moment approaches that of 
a steam engine. * 

The gas and air-charging pumps are placed alongside the engine 
and driven from the crank-shaft by a crank about 90° in advance 
of the main crank. They are provided with mechanically operated 
piston valves, and deliver the charges at a pressure of 3 to 5 lbs. 
per square inch. The mixture is regulated by the gas bye-pass 
valves shown, which are operated by the governor, so that more 
or less gas is returned to the suction pipe according to the load 
on the engine. 

The mechanical efficiency of the engine is relatively high 
(about 84 per cent ), considering that power is required to operate 
the pumps. 
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PETROL ENGINES. 

Contents. — Introduction — ('arburottors — *' Zenith ” Carburet to i — Detail 
Description ot Typical Petrol Engines iM H.P. Dokmvn Engtm: — 
General Data and Description; Lubrication ; Cylinder Coindmotion ; 
('rank-shaft and Case; Flywheel and ('one Clutch; Power Cuivo-- 
3(>0 H.P. Rolls-Royce Aeko Engine ; Some General Considerations 
on Aeroplane Engines; General Data and Description ot Rolls-Royce 
Engine; Lubrication and Cooling ; Starting Gear ; Perlonnanee. 

Petrol is the name given in Great Britain to a light distillate 
of crude petroleum, the specific gravity at 00 F. varying fiom 
■70 to -76 , it is not a definite chemical compound, but a mixtuie 
of paraffin consisting chiefly of hexane (C 6 H 14 ), heptane (( ’ 7 H 16 ), 
and octane (0 8 H 18 ), the boiling points respectively of which 
are 155 u F., ‘208 3 V., and 248° F. 

Petrol is known in America as “ gasoline,'’ m Fiance as 
“ essence," and in some other Continental countries as ‘ r benzine. ’’ 

Pcirol engines are used principally for traction purposes, and 
m considering the design and efficiency of motor car engine's 
we have to remember that the thermodynamic efficiency is 
sometimes of relatively small importance. The first essential 
is reliability in running and ease in starting ; so great has been 
the improvement in the last twenty years that the present, 
generation has almost to rely upon the music-hall performer 
for an idea of the difficulties with which the pioneer motorists 
had to contend. 

Initial cost is a consideration which affects many people’s 
choice of engines of proved reliability ; the other standpoint 
upon which most motorists judge engines from the point of view 
of efficiency is the number of miles which the car will run to the 
gallon of petrol. This, of course, depends largely upon the power 
of the engine, the design of the car, upon the wind resistance, 
and several other factors. 

Moreover, by the horse-power of petrol motor car engines is 
usually meant the R.A.C. rating based upon the formula— 

Nominal B.H.P. I d 2 N, 
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where d is the diameter of the cylinder bore and N is the number 
of cylinders. * 

This horse-power is employed for purposes of taxation, and 
bears little relation to the actual brake horse-power developed 
by the* engine. 

Carburetters .- The appliances employed to atomise the petrol 
and to supply it to the engine with the requisite amount of air 
are called carburetters. We have seen already that the requisite 
amount of air in the resulting gas fuel depends upon a large 
number of factors, which vary under running conditions in practice. 

The type of carburetter m most common use may be designated 
as the float-feed, spray-nozzle type. 



The accompanying figure shows in diagrammatic form the 
principal components of most carburetters of this type. 

The carburetter has two main parts — the float chamber and 
the mixing chamber. The petrol passes in through a tube pro- 
vided with a conical valve seating B, with which co-acts a needle 
valve A, the upper end of which usually projects above the 
chamber, in order that it may be manually operated. A collar 
C, carried by the valve spindle, engages weighted levers D, 
which normally hold the valve open, but which, when engaged 
by the upper surface of a closed hollow float F, press the collar 
C downwards, and this drives the valve A down upon its seat, 
thus interrupting the flow of petrol; by this means petrol is 
automatically maintained at constant level in the float chamber. 
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A passage E, opening into the float chamber, is connected to 
an upturned pipe provided with a narrow nipple J ; surrounding 
this nipple is a funnel-shaped member G, called the choke-tube, 
the adjustment of the conical portion of which relative to the 
nipple determines the available annular area for the passage 
of air. The tube is so positioned that the cross-section of minimum 
valve is at the level of the top of the nipple, as the induced air 
then moves with its maximum velocity at this position and more 
thoroughly mixes with and vaporises the fuel. Between this 
tube and the induction pipe of the engine to which it is attached 

gv 

l> of slow nftinniK 
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(‘iHy tlimttlf 
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tu I to 

ie till* 
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i>t CUT 

i jet 

pens, itniff Jet % 

tmdc'i main u-t 

11 iiilfi conipen- 
jet 

by a flange connection or union nut, is the throttle valve H, 
which determines the volume of mixture admitted to the cylinders, 
and which is operated by levers by the driver in the case of a 
motor car engine. 

In the suction stroke of the engine a fall of pressure is caused 
around the jet, with the result that petrol is sucked out and a 
draught of air sucked in at the same time. 

“ Zenith ’• Carburetter, — The “ Zenith ” carburetter, which 
has very extended use, is of the general type previously described, 
but has a special compensating jet and a slow-running device 

12 
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for use when the engine is running at zero load, particularly at ' 
starting. 

Returning to the description of the general type of float car- 
buretter, it will be seen that as the engine increases in speed 
the suction becomes stronger, and thus the amount of petrol 
drawn in per stroke increases, and it is found that the mixture 
becomes richer as the speed increases, whereas for perfect running 
and maximum power at all speeds the mixture should be as 
constant as possible. 

To overcome this tendency for richer 
mixtures at high speeds, some compen- 
sating device has to be introduced, and 
\ in the Zenith carburetter this device 

® consists of a compound jet, comprising a 
main jet and a compensating jet, the 
former being fed direct from the float 
chamber without any compensation what- 
ever. Consequently, as the engine speed 
increases, the mixture given by the main 
jet grows richer and richer, and to cor- 
rect this the compensating jet produces 
the opposite effect, because it feeds into 
a chamber which is open to the atmo- 
sphere, so that the discharge is unaffected 
by the suction of the engine. 

It will be seen from the accompanying 
illustration that the petrol through the 
compensating jet passes into the central 
chamber, which is open to the atmosphere 
near the top ; the petrol thence flows into 
the tube surrounding the main jet, and the 
level of this petrol will remain constant 
whatever the suction of the engine. As 
the suction of the engine increases the 
amount of air drawn in will increase, so 
that the mixture from the compensating jet becomes weaker. 
T?or starting or slow-running, the central tube, which is a small 
carburetter in itself, is employed. 

The slow-running tube dips into the central well and is con- 
nected to a small bye-pass hole opening into the carburetter 
proper at the edge of the throttle valve. Consequently, by 
opening the throttle a shade and cranking the engine over, an 



Zenith Carburetter- 
Enlarged Detail of 
Slow-running Tube. 
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intense suction is set up at this bye-pass hole, and thus a suitable 
mixture is drawn in. This device is adjusted for any particular 
engine by altering the relative positions of male and female 
cones A and G ; the knob B is turned to the left or right, and 
when the most suitable position is found it is locked in position 
by the nut X. 

In each case the mixture is made richer by turning the adjusting 
piece to the right, whilst it becomes weaker by turning it to the 
left. Therefore, in order to get easy starting and slow running, 
it is only necessary to try the adjusting piece Q or B, as the 
case may be, in various positions, and when the most suitable is 
found it is fixed there. 

detail Description of Typical Petrol Engines— 25 H.P. Dorman 
Engine. -In order to give the student a fair knowledge of the 
detail construction of a typical petrol engine of good design, 
we will now describe in detail the 25 II.P. Dorman engine, manu- 
factured by W. H. Dorman <fe Co., Ltd., of Stafford There 
are, of course, very many good makes of petrol engines for motor- 
car use, and authorities differ among themselves as to the best 
detail arrangement of some of the parts. 


General Data and Description. 


Four cylinders. . 

.Volumetric capacity of 
cylinders, 

R.A.C. rating, 

B.H.P., . 

Petrol consumption on full 
load, 


Bore 95 mm. (3J"). 

Stroke 140 mm. (51"). 

3,970 c.c. 

22-4 H.P. 

20 at 800 revs, per min. 
25 at 1,000 
35 at 1,500 

•7 pint petrol per B.H.P.- 
hour. 


B.H.P. running on paraffin (kerosene) may be taken as 20 per 
cent, below the above figures. 

We will first give a general description of the engine, and will 
then describe some of the portions in detail. 

The ignition is given by a magneto, which is placed at the 
side of the engine, as shown in the illustration on p. 180, and is 
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25 H.P. Engine. Chain Drtve and Flexible Coupling foe Magneto. 





25 H.P. Dorman Engine— Perspective View. 





CRANK SHAFT AND CASE. ^ 1(U 

driven by chain gearjng from the main crank-shaft A. The 
pistons B of the four cylinders 0 are connected by connecting- 
rods I) to the crank-shaft, the cranks on which are arranged in 
one plane ; the crank-shaft A is provided with end bearings 
E and a central bearing E. The valves U are of the mushroom 
type, and are operated in sequence by cams on the cam-shaft 
H driven by chain gearing from the shaft A. The oil- pump I 
for the forced lubrication system is driven from the cam-shaft. 
The exhaust gases pass into an exhaust manifold J, which is 
ribbed to promote cooling and is secured by clamps which allow 
for expansion when heated. The starting handle-shaft K is 
provided with a claw-clutch L, and the flywheel is secured to 
a flange M on the crank-shaft. 

A removable cover N is provided to give access to the valve 
tappets. 

Lubrication. -The accompanying illustration shows the pro- 
gress of oil through the forced feed cycle. The oil pump is located 
at the lowest point of the oil sump, and is driven by spiral gearing 
from the cam-shaft. A large strainer on the suction side is so 
placed that all solid matter is excluded from tin*, pump, and all 
impurities arc collected in a well, which can be washed out by 
removing a plug ; on the delivery side an oil filter is provided 
as .m additional safeguard against dirt reaching any bearing. 

Cylinder Construction. -The cylinders arc cast in monobloc 
form, with large water spaces, especially around the valve ports 
and between each pair of cylinders, the whole block being capped 
by a oife-piece water riser. This riser, winch embodies a large 
diameter pipe leading at ail angle to connect with the radiator 
intake pipe, is readily detachable in order to facilitate removal 
of any ‘‘ fur ” that may have been deposited in the interior 
of the jackets from the use of hard water. 

The cylinder boxes are ground in a special machine after rough 
boring, and are finished to a half-thousandth of an inch. The 
interiors of the cylinders are tested to a pressure of 500 lbs. 
per square inch, and the water jackets to 50 lbs. per square 
inch. 

Crank-shaft and Case. — An aluminium crank case, divided 
horizontally, is employed. The lower half forms an oil sump, 
while the crank-shaft, cam-shaft, and distribution gear are 
carried by the upper half ; the latter has four integral bearer 
arms for supporting the engine in the frame or under frame 
of the car. 
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The crank-shaft is supported by three die-cast white-metal 
bearings, two ball thrust bearings occurring respectively in 
front and behind the foremost journal ; it is drilled for the 
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lubrication of the crank-pins and journals under pressure, and 
has an oil thrower behind the end of the rear bearing to prevent f 
leakage, the lubricant which passes out of the back end of the 
bearing being returned to the sump before it can reach the capped 
end of the crank-case. 

The Valve Gear.- -The valves themselves arc of a special alloy 
steel, and operated in extremely long guides formed with the 
cylinder block and passing through the water spaces. Sparking 
plugs are accommodated in the inlet caps, while in each exhaust 
cap a compression and 
priming cock is provided. 

The single cam-shaft has 
integral cams, which are 
ground on their operative 
surfaces after hardening to 
ensure a profile that will 
provide silent operation and 
a large area of opening. The 
tappets are of unusually large 
diameter, and each has a long 
bearing in its guide formed in 
the crank case, but excessive 
inertia is obviated by drilling 
each from the top end, leaving 
only sufficient metal at the 
bottom to form an adequate 
thickener for the mushroom- 
ended foot. The top end is 
threaded internally to receive 
a hollow and hexagon-headed 
stud, which forms the 
means of adjustment for 
valve clearance and makes Clutch and Flywheel Detail, 
contact with the valve 25 H.P. Dorman Engine. 

stems. 

To retain the valve springs, each valve stem is threaded at 
its lower end, to receive an internally threaded cup, which is 
prevented from rotation by a split pin passing through inverted 
castellations in the cup and a hole in the stem. 

Flywheel and Cone Clutch.- The flywheel is of cast iron, and 
is secured to the crank-shaft flange. The clutch cone is a steel 
pressing, lined with “ Ferodo.” 





184 


LECTURE XI. 


Power Curve. -The accompanying diagram shows the power 
.curve for this engine ; it will be seen that the B.H.P. is approxi- 
mately proportional to tin; speed. 



REVOLUTIONS PER MINUTE 

Curve snow L\c, Variation of Rryke Horse-Power with Steed 
l<or 2. r > H. p. J)oeman Hnoine. 

360 H.P. Rolls-Royce Aero Engine Some General Considera- 
tions on Anophtne Engines.— We will now give a brief description 
of the 360 H.P. Rolls-Royce aero engine, which has been one 
of the most uniformly successful of the recent aero engines. 
(See frontispiece for illustration.) 

In connection with aeroplane engines, we may remind the 
student that it was the development of a light engine that made 
flying by aeroplane a practical possibility. 

The progress of flight lias been so rapid that we can hardly 
realise the tremendous advances which engine design has 
made. A 75 H.P. horizontal oil or gas engine of usual design 
weighs roughly 15,000 lbs. ; several 75 H.P. aero engines have 
been used weighing less than 200 lbs. 

The following table is quoted from Mr. G. A. Burl s excellent 
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book on Aero Engines* to which the student is referred for de- 
tailed information of tlfe leading typos of successful aero engines. 

Average Weights of Internal-Combustion Engines. 


Type. Lbs. per B.ll.P. 

Stationary 1 -cylinder Diesel omrmos, . . 000 

,, 2-c\Imdor ,, . . .">00 

„ 3-cjlmder „ . . 350 

Marine Diesel engines, . 200 to 300 

Horizontal 1 -cylinder oil (kerosene) engines, . 300 

,, „ coal gas eni'ines, . . 150 to 200 

Specially light high-si>eed Diesels lor submarines, 00 
Four- cylinder jietrol oi kerosene eiuimos for motor 

boats, ... . 50 to 80 

. Eour-cvluider jxdrol engines ot motor cars, . 10 to 25 

Aero ” petiol engines, 4 to 20 cylinders, . 2t to 0 


In addition to the necessity of low weight per horse-power 
in aero engines, we have to pay great attention to reliability 
in running. If a motor car develops engine trouble, we can 
pull up at the side of the road and examine the engine- if neces- 
sary on our back, while our friends are tendering amateur advice 
from a comfortable position but if an aeroplane engine develops 
engine trouble a forced landing must be made, with the attendant 
risk of accident. 

General Data and Description of Rolls-Royce Engine.- The 
engine has twelve cylinders, and is of the V-type —i.e., the 
cylinders are arranged in two groups place at an angle with each 
other, the angle being GOT This form of engine has a very good 
balance* of rotating parts, and gives a uniformity of turning 
moment that is better than that in any other type. 

The bore of the cylinders is 4*5 inches, and tlie stroke of the 
piston G-5 inches. 

General Data. 

Normal B.ll.P. , 

Normal engine speed, .... 

Normal propeller speed, 

Speed winch engine should not exceed, . 

Fuel consumption at normal power and 
speed, using Shell “ B ” petrol, 

Weight of engine, including propeller 
hub, hand-startmg gear, carburettors, 
magnetos, engine feet, reduction 
gear, but excluding exhaust process, 
radiator, oil, fuel, water, starter 
motor and battery, 


330 

1 ,050 revolutions perminute. 
000 
1,800 

21 gallons por hour. 


900 lbs. 


* Chas. Griffin & Co.. Ltd. 
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General Arrangement and Leading Dimensions of Rolls-Roycb 360 H.P. Aero Engine. 
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The speed reduction from the crank-shaft to the propeller 
is through an epicyclic' gearing with a ratio of -6: the position 
of this gear is given on the general arrangement diagram, and 
the makers claim that the epicyclic gear is preferable to any 
other type of reduction gear, because it causes no pressure on 
the crank-shaft bearings due to reaction of the drive, seeing that 
the direction of motion is not reversed. The axial arrangement 
of this gear also enables economy in the casing to be effected, 
as many of the heavy stresses are avoided. 

The cylinders are made of forged steel, and ignition is effected 
by four six-cylinder magnetos, two firing on each side of the 
engine, and each cylinder being provided with two ignition plugs. 

Lubrication and Cooling — The lubrication system is of the 
type in which one oil-pump supplies pressure oil to the main 
bearings, and other parts, while one scavenger pump evacuates 
the accumulation of oil in the crank-case to the oil tank, which 
should be provided in the installation. Each oil pump is pro- 
tected by a strainer, which can easily be detached and cleaned. 

The oil consumption is approximately 1 gallon per hour. 
The quantity of water carried in the cylinder water jackets, 
water pipes, and pump is 3-1 gallons. The water system is 
completed to three points, at which pipes or couplings joining 
to the radiator may be fixed ; these consist of one inlet connec- 
tion to the water pump, and two outlet connections, one for each 
group of six cylinders. 

Starting Gear -- For starting the engine an electric motor is 
fitted, arranged to turn the engine at about 25 revolutions per 
minute through a reduction gear of ratio 100 : 1 , after the induction 
pipes have been “ primed ” with petrol ; the explosions in the 
cylinders are brought about by the operation of a hand magneto. 
The control gear for operating the starter finishes with a wire 
pulley on the engine, so that connection can be made to it to 
a distance, if desired. 

The special priming device is a light and simple apparatus 
embodying a hand pump, which can be fixed in any convenient 
position near the pilot’s seat ; one priming device may serve 
two or more engines with the use of a change-over cock. 

A detachable handle is incorporated for “cranking” the 
engine by hand through part of the reduction gear, through which 
the electric motor drives. 

Performance . — The accompanying chart gives the power out- 
put of the engine and fuel consumptions at various speeds. 



188 


LKCTURE XI. 


The data upon which the chart were plotted were obtained 
by coupling the engine to a dynamometer and measuring the 
brake horse-power at certain rates of fuel consumption and 
various speeds. During all these tests the mixture regulator 
was set to giv<* the best mixture the necessary adjustments 



Chart showing B.H.P. of Rolls-Roy< e Aero Engine at Full Throttle 
Opening at Various Altitudes and B.H.P. at Various Speeds 
and Fuel Consumptions at 0 round Level. 

being made by altering the dynamometer setting and varying 
the throttle opening. 




360 H P. ROLLS-RCACE AERO ENGINE. 


18 D 

The chart, as well as that shown on p. 181, shows the great 
speed elasticity which is now possible with the petrol engine ; 
in the early days of petrol engines the range of speed at which 
the engine could run while giving out an appreciable amount 
of power was very small. As a result, it was necessary for the 
driver continually to he opeiating the change-speed lever in 
making a journey in a motor car. 
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LECTURE XII. 

OIL ENGINES. 

Contents. — The National Oil Engine; General Description; Vaporiser; 
Cylinder and Valves — Principal Overall Dimensions —Instructions for 
Working — Use of Heating-up Lamp — Starting-up by Hand ; Water 
injection — Stopping the Engine. 

Strictly speaking, of course, a petrol engine is an oil engine, 
and so is a Diesel or semi-Diesel engine, which we shall consider 
in the next chapter. The kind of od engine which we will con- 
sider in this chapter is the slow-running engine similar to the 
gas engine, which burns ordinary comparatively light oil, such 
as paraffin or kerosene. 

In an oil engine the carburetter of the petrol is replaced by 
the vaporiser , which serves to combine the oil and air into an 
explosive mixture. 

The National Oil Engine. — The accompanying illustration of 
the oil engines manufactured by the National Gas Engine Co., 
Ltd., Ashton-under-Lyne, shows in detail the construction of a 
typical oil engine of good design. 

General Description. — This oil engine, as is the case with prac- 
tically all similar engines, works on the four-stroke cycle. The 
governing is on the hit-and-miss method described in general 
detail on p. 165. [In the illustration on p. 192 the governoi 
die or transmitter 18 will be noted, and also the pusher blade 
or pecker 19.] The bed is massive and of girder form, with a 
continuous arm in the line of direct stress, thus providing foi 
strength and rigidity, and it extends well to the rear of the engine 
so as to reduce the overhang of the cylinder. 

Water injection is employed to prevent overheating of th< 
vaporiser at full load, and to assist in maintaining the cylindei 
clean. 

Vaporiser. — The vaporiser, which is shown clearly on th( 
sectional view, is of the type in which a heating lamp is requirec 
for a few minutes only during starting, the explosions afterwards 
generating sufficient heat to effect future vaporisation anc 
ignition. 
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National Oil Engine Elevation of Vaporiser End. 


Description of Parts — {continued). 

51 Oil and Water Pump Cam 65 011 Pump Lever Fulcrum. 80 Air Flange 

52. 011 Pump Lc\(t Roller. 66. Oil Pump Valve Cover. j 81 Drain Tap for Cylinder 

53. Cylinder S 8 Bracket. 67 Oil Pump Spring I SS Braeket. 

54. Air Lever Fork 68 Water Injection Pump. ! 82 Air Pipe 

55. Exhaust Lever 69. Governor Stop 84. Exhaust Spring Holder 

56. Exhaust Lever Adjusting 70. Delivery Pipe from Water SetScrew 

Screw. Pump 1 85. Pipe connecting Oil Pump 

57. Exhaust Shackle. 71. Governor Lever Fulcrum to Spray 

58. Exhaust Spring Pin , 86. Exhaust Lever Fulcrum. 

59 Exhaust Spring Holder. 72. Air Lever Fork Pm. 87. Governor Bali Pin 

60. Exhaust Spring Holder 78 Air Lever Fulcrum i 88 Governor Hanging Link 

Stud 74. Air Inlet Valve Box , Eye 

61. Oil Pump Bracket. 75. Pipe connecting Oil Pump ( 89 Governor Fork 

62. Lamp Bracket to Tank I 90. Governor Spindle. 

63. Lamp Bracket Stud. 76. Oil Pump Plunger Guide. 97 Stud for Oil Tray. 

64. Lamp Bracket Adjusting 78. Inlet Water Flange 98 Oil Tray. 

Screw. 79 Exhaust Flange. 99 Drain Cock for Oil Tray 

13 
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Many slow-running light oil engines rely entirely upon the 
temperature of the vaporiser for the timing of the ignition* 
which, therefore, becomes rather precarious ; in the National 
engine the impulses are timed by the action of the piston at 
the end of its stroke, working ie conjunction with a bye-pass 
and ignition tube. 

Cylinder and Valves . — The cylinder is a short casting, and 
contains the exhaust and main inlet valves. It is fitted with 
a separate liner of very hard cast iron, which is capable of easy 
replacement. The cylinder and liner are built into the frame 
of the engine, so as to secure rigidity, and an expansion joint 
is provided at the front of the liner, which is thus free to expand 
under the working heat. 

The arrangement of the valves in the cylinder casting keeps 
them well away from the hot vaporiser : the cams on the side 
shaft for operating the valves are provided with large wearing 
surfaces, and are shaped with special regard to quiet action 
of the valves. 

Instructions for Working. -The following extracts from the 
instructions for working issued by the makers will enable students 
to understand more fully the construction and operation of the 
engine. 

Use of Heating-up Lamp^ -Filling . — Unscrew the cap (4) and 
fill the reservoir three parts full of petroleum, which should be 
passed through a strainer ; replace the cap (4) and screw it down 
tightly. 

Lighting.— Open the air relief cock (5). Fill the heating-up 
dish (6) with methylated spirits or petrol and light it. When 
this has burned for two or three minutes, close the air-relief 
cock (5), and give a few strokes to the air pump (7). The lamp 
will now start working, the gases issuing from the nipple (8) 
being ignited by the flame from the spirit. When the spirit 
has burnt out, the burner will be sufficiently hot, and the lamp 
can be pumped up to full working. 

Extinction .—' To stop the lamp from working, unscrew the air 
relief cock (5) and leave it open. 

Starting-up by Hand. — While the lamp is heating-up the 
vaporiser carry out the following operations : — 

(1) Fill the lubricators and make sure that all the oil feed wicks 
are placed in the small tubes provided for them. 

(2) Set the glass sight-feed lubricator to work by raising its 
spindle. Adjust the brass milled nuts so as to give the correct 
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Standard National Oil Engines fitted with two 
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as to bring it into contact with the relief cam ; a steel pin (12) 
is supplied for keeping this roller in position. 

(4) Turn the flywheel until the engine is in the correct position 
for operating the oil pump. The roller (52) on the oil pump 
lever (17) will then be against the flat on the oil cam (51). 

During the time (five to seven minutes) necessary for these 
preparations the vaporiser will have become sufficiently heated 
to enable the engine to be started. 

With the small handle (16) at the end of the oil pump lever 
(17), give a few smart downward strokes to the oil pump. To 
make this possible, the governor die (18) must be in such position 
that the pusher blade (19) will pass over it. 

Now turn the flywheels quickly in the direction of rotation 
until the engine receives an impulse. As soon as the engine 
has received three or four impulses move the exhaust roller 
(11) to the left, back into its working position, and secure it 
there with the steel pin (12). 

Water Injection - - This should be used only when the engine 
is working at three-quarters to full power, and the engine ought 
to run at least an hour before the water injection is necessary. 

As soon as the vaporiser becomes too hot, and when the ex- 
plosions appear to be violent, open the water cock (20). It is 
best so to regulate it that the explosions can just be heard. 
Care should be taken to see that the cock is closed when the 
engine is stopped, as otherwise the vaporiser would become 
flooded with water. 

Stopping the Engine . — Push the oil pump lever (17) down as 
far as possible and insert the small brass wedge (44) (which is 
secured by a chain near the pump) into the space left between 
the small collar on the pump spindle and pump bracket. 

After stopping the engine, turn the flyw’heels so that the crank 
is just above the in-centre ” on the firing stroke. In this position 
the air and exhaust rollers (11) and (46) will revolve freely. 
This ensures the closing of the valves, w r hich is very important ; 
inattention to this point may occasion trouble when re-starting. 
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LECTURE XIII. 

DIESEL AND LIKE HEAVY OIL ENGINES. 

Contents. — The Essential Features of the Diesel Engine — General De- 
scription and Method of Starting the Engine — The Vickers-Petter 
Semi-Diesel Engine; Test Results; Starting Burner ; Gompressed 
Air Starting Gear; Light-running Gear — The Diesel Engine for 
Marino Propulsion. 

The Essential Features of the Diesel Engine. We have seen in 
Chapter IV. that the Diesel cycle is practically the same as the 
ideal constant pressure cycle ; the Diesel engine was introduced 
bv R. Diesel in about 1895, and very considerable interest was 
taken in it at the time, because the thermal efficiency measured 
upon the indicated horse-power was considerably in excess of 
anything which had been obtained up to that turn 4 . This in- 
creased efficiency was commonly stated to be duo to the fact 
that the engine approached more nearly to the thermodynamically 
ideal engine than any other heat engine. 

The essential feature of the Diesel engine is that no fuel is 
drawn in at the suction stroke ; the air is compressed very 
highly on the compression stroke, the temperature being suffi- 
cient to cause to burn the oil which is pumped into the cylinder 
at the early portion of the working stroke. The result is that 
during the first part of the working stroke, while the oil is entering 
the cylinder, the pressure is kept nearly constant by the heat 
which continues to be generated. The first part of the working 
stroke, therefore, resembles that up to the cut-off in a steam 
engine. The compression ratio is very high, which makes for 
efficiency, and all risk of premature ignition which would occur 
with high compression in the ordinary internal-combustion engine 
is avoided, because the fuel only enters the cylinder when it is 
desired that combustion should occur. 

The very considerable success which the Diesel engine has 
achieved in practice is probably due more to the fact that it 
can be run on cheap crude or heavy oil than on account of its 
high thermodynamic efficiency. 
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In a test of a 500 H.P. Diesel engine made by Mr. M. Long- 
ridge, the I. H.P. was 595, after allowing for the negative work 
done in the pump by which the oil fuel was forced in. The 
consumption of oil was 207-2 lbs. per hour, or, roughly, -35 lb. 
per I. H.P. -hour. Taking tin* calorific value in Centigrade units 
as 10,000 units per pound on the lower scale, these figures corre- 
spond to a thermal efficiency of 11 per cent., which is roughly 
twice as high as has been found in any steam engine, and is 
considerably higher than for any gas or light oil engine. In 
these tests, however, it has been calculated that if the pumps 
supplying oil and air at high pressure had been driven by the 
engine itself, the mechanical efficiency should be taken as -77, 
so that the thermal efficiency reduces to 32 per cent. 

This is an example of a point which we made in the first 
chapter of this volume ; for practical purposes we must measure 
the thermal efficiency from the brake horse-power, because in 
some engines of high efficiency, such as the Diesel, considerable 
power is necessarily absorbed in the engine itself, so that the 
thermal efficiency based upon the indicated horse-power is a 
fictitious and rather misleading figure. We must also bear in 
mind that the indicated horse-power is calculated from an indi- 
cator card, the accuracy of which is not always free from suspicion. 


Tin: Diesel Oil E noise. 

General Description and Method of Starting the Engine. -The Diesel 
Oil Engine is single acting and the details will be easily followed by com- 
paring the index to parts with the one outside and two sectional views. 
The engine crank when placed just past the top centre by means ol the 
barring handle BH, and if the starting handle be placed in position SHj ; 
then, compressed air is admitted from the starting air reservoirs through 
the starting valve SV to the cylinder C. This air at high pressure acts 
upon the piston F and causes the piston to move down. Further, during 
the upstroke of the piston the previously admitted air exhausts from 
the cylinder C through the exhaust valve EV and outlet EO to the atmo- 
sphere. After the engine has made 5 or ft revolutions the starting handle 
SH, is moved into the vertical position SH 2 ; thus cutting of! the air supply 
by throwing the lever and roller SVL out of gear, and at the same time 
bringing the fuel valve lever FVL and fuel valve FV into action. Now 7 , the 
high pressure air from the blast receiver (not shown in the illustrations), 
which passes round the fuel valve FV' carries oil as a fine spray from the 
fuel valve casing into the cylinder immediately the fuel valve FV is opened. 
When the oil spray is ignited by the heat produced during the previous 
compression of the air inside the cylinder, the engine is ready for taking 
a load. 
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* Index to Parts. 

BH represents Barring Handle to set the piston at beginning of its down 
stroke (see the outside new). 


SHj 

„ 

Starting Handle tn position 1. 

CS 2 

„ 

('am Shaft and cams. 

SVL 

„ 

Starting Valve Lever and roller. 

sv 

,, 

Staiting Valve. 

A 1 

” 

Air Igilet Pipe for admitting air from the starting lcccivers 
at pressure of 800 to 000 lbs. per square inch. 

AV 

,, 

Air Valve to cylinder. 

EV 

,, 

Exhaust Valve. 

EG* 

,, 

Exhaust Outlet pipe. 

CC 

,, 

Cylinder ('over. 

\VJ 

„ 

Water Jacket. 

G 

„ 

Cylinder. 

P 

,, 

Piston. 

CP 

,, 

Crosshead Pin. 

CR 

,, 

Connecting-Rod. 

(VS, 

,, 

Crank Shaft. 

PR 

,, 

Bearing Bushes. 

BP 


Bed-Plate. 

EC 

„ 

Engine Column. 

sh 2 


Starting Handle in position 2, with SVL and starting valve 
thrown out of action. 

EVL 


Fuel Valve Lever and roller. 

FV 

,, 

Fuel Valve. 

EP 


Euel Pipe from oil pumps OP, and an blast supply from 
blast receiver at a pressure of 800 lbs. per square inch. 

Air Compressor Gear. 

CD 

„ 

Compressor Driving Gear from CR. 

ACT 

„ 

Air Compressor Piston. 

AC 

„ 

Air Compressor cylinder. 

WAG 

„ 

Water Air-Cooler (see outside new). 


Governor and Cam -Shift Gear. 


WW 

ws 

G 


Worm Wheel on CS X for driving Governor and cam shaft. 
Worm Shaft (see outside view). 

Governor (see outside view). 
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The Working Cycle . — This engine operates ujxm the well-known four- 
stroke Otto cycle 

1. On the first actual working down stroke of the piston, air is drawn 
direct from the atmosphere into the cylinder 0 through the air inlet A1 
and air-valve AV. 

2. On the first upstioke this air is compressed, winch raises its tem- 
perature sulheiently to ignite the fuel, when this is admitted to the cylinder 
as indicated above, 

2. At the point of maximum compression, and during the first penod of 
tho next down stroke, an oil spray is blown into the cylinder by com- 
pressed air from the blast receiver, through the 1 fuel pipe* KP and fuel 
valve JFV. 

4. On the second upstioke the products of combustion aie expelled to 
the atmosphere past the exhaust valve EV and through the exhaust outlet 
pipe EO. 

Advantages, -The c ngmo .is a vertical one and the four valves, N\\ AW 
EV, FV aie ananged m the c Winder eovei. Each valve has a sepaiate 



Diagram tv ken with a “ APEnni s-Dohrie ” Explosive Engine Indi- 
cator, of the Smvle Size Design with one Extern ve Spring, 
from a Diesel Oil Engine. Initial Pressure, 520 eus per sq 
inch; Spring, , to the inch ; Revs, per mini te. 202 ; R.lf.P SO. 


seat, which can be removed without displacing the valve-din ing gear oi 
lilting the cylinder cover. 

These valves are mechanically opened by earns upon the shait CS_, 
Tins shaft is diiven from the woimwheel WW on the crank shaft, through 
the worm shaft WS, at half the speed of the engine ciank shaft OS, 

The compressed air which is required for staitmg the engine and for 
blowing the fuel into the cylinder is supplied by the air compressor AC. 

In the latest form of the Diesel Oil Engine the air is eompiessed in two 
stages and the compressor is directly coupled to the end of the crank- 
shaft CS 1? as shown by the outside view. 

It will he seen from the accompanying indicator diagram that theie is 
no explosion or sudden use of pressure m the cylinder (\ hence great 
smoothness in running. 
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OUTSIDL VlLW OK V DllSKL OlL KVilNL 
M\dk uv Mikkltes, Wa'ison A. Co., Clysoow 

The Vickers-Petter Semi-Diesel Engine. The term semi-Diesel 
is employed to describe an engine which burns crude oil but does 
not carry the compression high enough to cause combustion 
of the fuel. 
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The Vickers-Petter engine works upon the two-stroke cycle, 
with crank-chamber compression of the air and the admission 
of the compressed air to the cylinder is by way of inlet ports 
which are over-run by the piston. The exhaust ports are on 
the opposite side of the cylinder barrels to the inlet ports, and 
are over-run by the piston when near the bottom of the stroke. 
At the moment of maximum compression fuel is injected into the 



Vickers-Petter Semi-Diesel Engine. 


hot-bulb combustion chamber through a sprayer by means of 
an oil pump, the variable stroke of which is controlled by a 
governor. 

The following table gives the leading dimensions and other 
useful data of the various sizes of this engine. 


Leading Dimensions 
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Test Results — The following test result^ give a good idea of 
the fuel consumption and “ flexibility ” of this type of 
engine : — 

4 

(a) 35 B.H.P. Engine at 275 Revolutions ter Minute run on 
Admiralty Fuel Oil supplied by the British Petroleum 
Company. Sp. Or. = -930 at 68° F. ; Calorific Value, 
19,300 B.Tii.U. per Lb. 


Duration of test, 
Revolutions per minute, 
Actual B.H.P. developed, . 
Total fuel consumed, 

Fuel consumed per B.H.P. 
hour 


Noun a 1 Load 
Test, 

0\erload Tt st 
at accelerated | 
speed 

Reduced Sped 
Test 

2 hours 

1 hour 

2 hours 

250 

300 

215 

34-7 

40-7 

29-1 

28 pints 

19 pints 

25 pints 

•404 pint 

•400 pint 

•43 pint 


(b) 50 B.H.P. Engine at 250 Revolutions per Minute run on 
Scotch Shale Oil. 


Duration of test, 
Revolutions per minute, 
Actual B.H.P de- 
veloped, 

Total fuel consumed, 
Fuel consumed per 
B.H.P. -hour, 


Normal 
Load Test 

Overload 
Test at 
Normal 
Speed. 

Reduced 
Speed Tests 

Slow Speed 
Test. 

0 hours 
250 

1 hour 
252 

3 hours 
214 

2 hours 
178 

50-7 
132 pints 

55-7 

24 pints 

42 0 
57-5 pints 

35 0 

32-7 pints 

•433 pint 

•431 pint 

•455 pint 

•407 pint 


(c) 200 B.H.P. Engine at 250 Revolutions per Minute run 
on Gas Oil, -895 Sp. Gr. 


Duration of test, .... 5 hours. 

Revolutions per minute, . . 300 

Actual B.H.P. developed, . .232 

Total fuel consumed, . . . 472 pints. 

Fuel consumed per B.H.P. -hour, . *407 pint. 
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Starting Burner.- For starting the engine a special rapid 
starting liquid fuel burner is provided ; this burner is operated 
by compressed air or inert gas and requires no pre-heating. 
The oil container A is filled with paraffin, and a wick is dipped 

% 



Starting Burner for Vickers-Petter Semi-Diesel Engine. 


in paraffin and placed in the pocket E 1 ; the wick is then ignited, 
care being taken to see that the flame extends inside the tube 
E. The compressed air is then turned on by opening the valve 
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90s 

shown below, and the oil regulator G is opened ; the air regulator 
is then opened carefully until a pressure of 20 to 25 lbs. per 
square inch is shown on the pressure gauge K. The oil is thus, 
forced to the burner by the pressure of air in the container, 
and is then ignited by the wick, the proportion of air and oil 
leaving the container being carefully regulated to give the 
desired intensity of flame ; an excess of oil to the burner will 



v 

Compressed Air Starter, Vickers-Petter Semi-Diesel Engine. 


be indicated by a yellow flame, while an insufficiency of oil 
will be indicated by a short, fierce flame. 

Compressed Air Starting Gear— The compressed air starting 
apparatus consists of a valve R and a pressure receiver Q, into 
which compressed air or inert gas is forced and stored during 
the working stroke of the engine, when next it is required to 
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start. When connecting the pipes, care must be taken to make 
all joints air-tight and fo ensure that the pressure gauge is screwed 
in firmly. When starting the larger engines for the first time, 
the receiver is charged by means of the hand pump supplied. 

When the engine is miming, the pressure receiver may be 
charged in the following manner:— Open the valve S and turn 
hand wheel T to allow the starting valve to act as a check or 
back pressure valve, and the receiver will be charged to about 
150 170 lbs. per square inch in a few minutes. l)o not allow 



Lioht-runntxc Gk\k, Vick krs- P iiTTKit Sumt-Diesei. Em,i\i„ 


A, Fuel Pump Body. 

B, Suction Valve. 

C, Delivery Valve. 

D, Pump Plunger. 

E, Safety Diaphragm Plug. 

F, Fuel Pump Handle. 

G, Rocker Arm. 

H, Auxiliary ltocker Ann. 

I, Hand Operating Lever. 

J, Notched Quadrant. 

K, Equalising Chamber. 


L, Fuel Pump Suction Pipe. 

M, Fuel Feed Pipe Connection 
0, Pump Handle Stop. 

I’, Pump Handle Adjusting 
Screw. 

Q, Equaliser Air Release Cock, 
It, Sprayer Body. 

S, Sprayer Nozzle. 

W, Delivery Pipe. 

X, Eccentric Rod. 

Y, Connector carrying Strainer 

14 
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the starting valve too much lift or it will become overheated. 
After the receiver is charged, close the r stop valve S and with 
the hand wheel T close the starting valve R. 

Light-Running Gear. The light-load gear for single-cylinder 
engines consists of an auxiliary rocker arm H mounted on an 
eccentric, which, when in use, operates tin 1 fuel pump 180° in 
advance of the normal timing, by depressing the fuel pump 
hand lever F. 

To operate, move the handle 1 over towards the light-load 
mark until a slight stroke is given to the fuel pump hand lever 
F, the stroke being regulated to suit the load on the engine 
and to maintain sufficient heat m the combustion chamber to 
ensure regular firing and steady running. 

The handle I should not be moved into the light-load position 
when the engine is stopped, unless the fuel pump handle 1 F is 
depressed. 

The Diesel Engine for Marine Propulsion. - Considerable pro- 
gress has been made m recent years in the application of oil 
engines to marine propulsion, so that the “ oiler ” is gradually 
becoming a serious rival to the ‘ k steamer.” 

We are indebted to the author, and to the Secretary of the 
Institute of Engineers and Shipbuilders of Scotland for per- 
mission to give the following quotations from a paper read before 
that body by Mr. dames Richardson, ikSc , on “ The Present 
Position (1920) of the Diesel Engine for Marine Propulsion ” 

The present position reflects clearly the finding of past per- 
formance. Eighty-lour per cent,, of the ships are twin-screw, 
and over 80 per cent, of the total number of marine engines and 
horse-power is of the four-stroke cycle type. In Britain the two- 
cycle is more favoured than elsewhere. 

The most important of the problems of design are common 
to both two and four-cycle engines, and the first concerns the 
injection of the fuel into the working cylinder. The exact quan- 
tity of filed, at a pressure sufficient, to ensure injection, must be 
measured out by the pump and spread in some 30° of revolution 
as widely as possible into the combustion space, in a sufficiently 
finely-divided state to ensure rapid ignition and satisfactory 
combustion. Chiefly in this direction of improving distribution 
of the fuel in the combustion chamber can increased economy be 
sought. 

There are two alternative methods of spraying ; one by means 
of compressed air, the other by injecting the fuel at a high 



THE DIESEL EXDIN E FOR MARINE PROPULSION. 


211 


pressure, known as the p*olid-injection system. The utilisation 
of compressed air is most general. So far as marine installations 
are concerned, the principal advantage of the solid-injection 
method, where compressed air is not used to assist injection, 
and is only required for sifj plying manoeuvring power, is that 
the compressors are not a part of the main propelling engine, 
and do not require to run continuously at sea. Moreover, the 
air-compressing plant, where solid injection is adopted, can he 
reduced by from 40 per cent, to 50 per cent, in capacity. 

Reliability with air compressors delivering at 850 lbs. to 1.000 
lbs. per square inch has now readied a high level, the leading 
factors towards this end being generally appreciated, and air- 
compressor problems rated at their full value. Multi-staging is 
essential, and compression to 1,000 lbs. per square inch should 
be carried out in not less than three' stages, so proportioned that 
no undue ratio of compression and consequent, temperature 
can occur m any stage Particularly should the first or low- 
pressure compression be minimised Such rises of temperature 
as are inevitable with compression should be reduced by efficient 
cooling of the air during compression and by the installation of 
inter-coolers and after-coolers to reduce to atmospheric whatever 
temperature remains after compression. Removal of moisture 
fi >m the air should he facilitated. Every effort m design should 
be made to ensure that the compressor valves and springs can 
be easily removed and replaced. 

It is not to be inferred in any way that finality has been reached 
in compressor design or in methods of injection. Jn regard to 
the former, a better means for removing oil and moisture from 
the air is required, and in respect of injection a suitable valve 
should be produced which, whilst requiring compressed-air 
spray for full power and maximum efficiency, can still operate 
satisfactorily at reduced power without the medium or assistance 
of compressed air. 

The other fundamental of injection, the measuring of the oil 
fuel, involves the most delicate apparatus associated with the 
Picsel oil engine — the fuel-injection pumps and controlling gear. 
The system of having one pump per cylinder is now almost 
universal for marine work (excepting where solid injection is 
used), and only in this way can the maximum security against 
a large percentage of overcharge and overload in one or more 
of the cylinders be obtained. These individual pumps, therefore, 
become of relatively small size. Even with separate pumps, 
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continual care and intelligent supervision must be exercised 
to ensure that the deliveries from the pumps are maintained 
equal, lest one or more cylinders should be overloaded to counter- 
act the effect of diminished deliveries from defectively working 
pumps. Means are now generally provided whereby any pump 
can be cut out and overhauled whilst the remainder are in 
operation. 

The Diesel engine remains a heavy and expensive prime mover 
in comparison with its steam rivals. Even with the progress 
made in design within the last six years, it can definite! v be 
stated that there has been generally an increase in the weight 
and the space occupied by the slow-spced Diesel engine per 
horse-power developed continuously. The factors opposed to a 
reduction of these disabilities and rendering difficult the path 
toward the higher powers now desired, are the temperature 
gradient through the metal surrounding the combustion chamber 
and the fact that the major portion of the material of the engine 
is only utilised for a small fraction of the running time. The 
former refers particularly to the two-cycle, and the latter to 
the four-cycle engine, where three-quarters of the running time 
is idle so far as power output is concerned. Moreover, of the one 
power stroke per two revolutions, only one-half of this stroke, 
or 12 -5 per cent, of the cycle, stresses the parts of the engine 
camparably with their strength and scantlings. 

The unique economies possible by the adoption of the prin- 
ciple of internal combustion are only gained at the expense of 
foregoing all the many advantage's derived from using the most 
flexible known power-conveying medium, steam. 

To appreciate the type of stressing to which the main parts 
of a Diesel engine are subject comparison may be made with a 
steam engine of normal design and of equal power output. The 
maximum normal load with the oil engine is more than five 
times as great, and. furthermore, the rate of application of this 
main load is increased JO times 51 With internal combustion the 
normal stresses are liable to sudden increases calling for a larger 
factor of safety, and design questions relating to the main parts 
of the engine must be considered strictly m this light. 

In regard to the temperature gradient and the stresses so 
incurred, data are lacking ; but, so far as they are available, 
they go definitely to *prove that the four-stroke cycle engine 

* Proc. of the Junior Institution of Engineers, May, 1914 “ High Power 

Diesel Engines : Their Development for Marine Service.” 
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has distinct advantage^. It can be shown that the temperature 
gradient through the metal of a four-cycle cylinder liner and 
through the furnace of a cylindrical marine boiler are substantially 
equal. In the former the pressing is intermittent, and in the 
latter relatively steady. f i he stresses consequent, upon this 
temperature gradient are half as high again in the case of the 
boiler furnace, due to the higher coefficient *of expansion and 
modulus of elasticity of steel as compared with cast-iron. With 
the cylinder liner the transmission of heat is a subsidiary function 
to the more important duties of guiding the power piston and 
maintaining a suitable surface to permit piston-ring gas-tightness 
with minimum friction. The simple design of liner adopted up 
to the present with all but a few 7 exceptions cannot be approved 
on theoretical grounds To obtain a minimum value for the 
combined stress consequent upon temperature gradient through 
the metal and internal pleasure, a ribbed and built-up form 
of construction must lx* adopted. This can very simply be 
accomplished, as is sometimes the ease, with the four-e\ele 
engine, but imposes greater difficulties m the case of the two-cycle, 
wdiere exhaust and scavenging ports have to be accommodated 
in the cylinder. Computation of the high stresses wutli the 
two-cycle cylinder in way of scavenging air-inlet and main 
exhaust ports is extremely difficult. These are bound to be 
vei ' considerable in view of the high velocity of the exhaust 
gases and the consequent high rate of heat transmission from 
these gases to the walls, and are further intensified by cooling 
and distorting effect of the entering scavenging air with the 
noimal tw’o-cycle design 

At present the cost can be stated to be from 25 per cent, to 
35 per cent more than for a steam plant, depending on the type 
of auxiliaries applied to the oil-engined ship, and whether com- 
parison is made with reciprocating or double-reduction turbine 
steam machinery. This higher cost is minimised m effect by 
the greater cargo-carrying capacity sometimes possible by the 
adoption of oil engines, or alternatively by the fact that a smaller 
Diesel-engined ship serves to give earning capacity equal to a 
steamer. The economy of operation possible with the oil engine is 
such that, granted reliable performance, the extra cost is speedily 
balanced by the increased profits obtainable. The total saving 
for 200 days’ sailing per annum by installing Diesel instead of 
steam machinery is given for wages and keep, fuel and oil costs, 
in the case of a single-screw ship of 1,000 brake horse-power, 
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Cost of Fuel Oil ani} Coal at Principal Ports, July, 1920. 


Poit. 

Fuel Oil per 
Ton 

Coni per Ton 

Alexandria, 

v » / . 

250 0 

X. </. 

186 0 to 200s. 

Adelaide, .... 

180 0 

•40 0 

Batavia, .... 

150 0 

127 0 

Bombay, .... 

150 0 

45 0 

Buenos Aires, 

265 0 

170 0 

California, .... 

62 0 to 92 0 

69 0 

Christiania, 

224 0 

210 0 

Calcutta, .... 

250 0 

25 0 

Cape Town, 

220 0 

46 9 Transvaal. 

Colombo, . . ... 

150 0 

102 6 

Curacao, .... 
Glasgow, .... 

80 0 

125 0 

250 0 

115 0 Welsh. 

Hong Kong, 

150 0 

115 0 Welsh. 

Havana, .... 

142 6 

125 0 

Karachi, .... 

150 0 

45 0 

London, . . . . 

250 0 

115 0 Welsh. 

Liverpool, .... 

250 0 

115 0 Welsh. 

Lisbon, . . . . 

250 0 

160 0 

Madras, . . . . j 

150 0 

45 0 

Melbourne, 

180 0 

35 0 

New Orleans, 

58 2 

40 0 to 69s. 

New York, .... 

47 6 

55 0 to 68s. 

Palembang, 

125 0 

127 0 

Pensacola, . 

80 0 

42 0 

Port Said, .... 

250 0 

186 6 

Panama, .... 

75 0 

125 0 

Rotterdam, 

220 0 

160 0 

Rio de Janeiro, . 

250 0 

185 0 

St. Thomas, 

160 0 

124 0 

Sydney 

175 0 

21 3 

Average price per ton : — Coal = 104s. ; fuel oil = 191s. 


and also a ship of 2,400 brake horse-power ; twin-screw in the 
case of Diesel engines and single-screw in the case of steam. 
No estimation has been made regarding the other savings gener- 
ally possible, the most important of which is additional cargo 
capacity, no stand-by losses, and higher average speed, more 
particularly when the oil is compared with the coal-fired ships. 
The figures, however, for the savings in fuel, lubricating oil, 
wages and keep are, it will be admitted, sufficiently attractive 
to merit close attention by shipowners to the Diesel system 
of propulsion, when full comparisons can readily be made to 
meet the specific case of any particular type of ship or trade. 
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LECTURE XIV. 

PRODUCER GAS PLANTS. 

Contents. — -Theory of Producer Gas — Dowson’s Analysis of Heat Re- 
actions — Theoretical Analysis and Calorific \alue of Producer Gas— 
Requirements of Good Producer Plants— Mond Pressure Producer- 
Same Data on Mond Gas Plants — “ National ” Suction Gas Plant — 
Questions. 

Theory of Producer Gas. — Producer gas is obtained by forcing 
or sucking air through a mass of highly heated fuel, with the 
result that the carbon is oxidised to carbon monoxide (CO). 
In order to utilise the high temperature produced, steam is 
admitted along with the air, the resulting hydrogen formed 
assisting materially to increase the calorific value of the resulting 
gas. 

When the air and steam are forced through the fuel by pressure, 
the producer is called a Pressure Producer ; and when they are 
drawn through by suction caused by the suction strokes of the 
engine, the producer is called a Suction Producer, 

In general it may be stated that pressure producers are most 
suitable for high powers, suction producers being specially 
suitable for low powers. 

The simple theory governing both forms of plant can be 
expressed by the following equations 

C + 0 2 = C0 2 (1) 

C0 2 + 0 = 2CO (2) 

In these reactions the carbon in the fuel first burns to C0 2 
at the bottom of the fire, and then becomes reduced to CO as 
it passes through the remainder of the heated fuel. It is probable 
that some of the carbon does become first converted to C0 2 
and then reduced in this manner, and that some of the carbon 
monoxide is formed directly from the carbon in the manner 
indicated by the formula — 

2C -f 0 2 = 2CO (3) 
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The calorific value of ^arbon monoxide is about 10,200 B.Th.U. 
per pound, while that of carbon is about 14,500 B.Th.U. per 
pound, so that if no steam were used, the maximum possible 

efficiency of the plant would apparently be i.e., about 

70 per cent. 14 ’ 500 

Part of the 30 per cent, apparently lost is utilised in decom- 
posing the steam ; in this process the following two reactions 


both occur 

C + H 2 0 — CO -f Ho (4) 

C + 2H 2 0 = C0 2 + 2H 2 (5) 


Redaction (4) takes place at temperatures above about J ,800° F. t 
but at about 1,100° F. and under reaction (5) occurs. The gas 
obtained by equation (4) has a higher calorific value and the 
reaction absorbs more heat, so that the best results should be 
obtained in practice by working at the highest temperature 
possible under practical conditions. 

Dowson’s Analysis of Heat Reactions. Mr. J. E. Dowson, 
who invented the first of these plants, gave the following analysis 
of these reactions 

Taking weights equal to molecular in pounds — 

C 4 0 2 = C0 2 + 176,000 B.Th.U. . . (la) 
2C d 0 2 - 2CO + 106,000 B.Th.U. . . (3a) 

The former gives a gas having a calorific value of -about 
119 B.Th.U. per cubic foot. 

Corresponding to equations (4) and (5), we shall have — 

C + H 2 0 = CO -I H, - 51,800 B.Th.U. (4a)’ 
C + 2H 2 0 = C0 2 + 2I1 2 - 33,600 B.Th.U. (5a) 

The minus sign indicates an absorption of heat. 

If the steam is admitted to the producer in the form of water 
at about 60° F., approximately 1,120 B.Th.U. will be absorbed 
per pound of the steam, and this must be added to the figures 
given in equations (4a) and (5a). 

Equation (3a) shows that with 24 lbs. of carbon burnt 106,000 
B.Th.U. are liberated. Corresponding to 12 lbs. of carbon with 
equation (6a), we shall employ 36 lbs. of water, absorbing 
36 X 1,120 = 40,300 B.Th.U., so that, in all, 40,300 + 33,600 
= 73,900 B.Th.U. arc absorbed. 
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Pounds of water required to absorb all the heat of reaction 
x 36 X 106,000 R1 
( 2 a) = 73^900 = ^ 16 ' 

r )l -6 v 12 

Total amount of carbon burnt ^ 24 H — 41 -2 lbs. 

36 

51 *6 

Pounds of wrfter required per pound of carbon — — - — 1*25. 

Theoretical Analysis and Calorific Value of Producer Gas.— 

From equation (3 a) we see that 24 lbs. of carbon produce 
2 (12 -f 16) -- 56 lbs. of CO, and from the table on p. 127 we 
see that CO weighs -0784 lb. per cubic foot. 

56 

.-. 41-2 lbs. of carbon produce — 715 cubic feet CO*. 

If the steam reaction follows equation (5a) we shall produce 
from 12 lbs. of carbon 48 lbs. of C0 2 and 4 lbs. of hydrogen. 

48 . 4 

we have ----- = 382 cubic feet CO. ? and m 715 cubic 
•1225 z -0056 

feet H 2 , but 41*2 — 24 = 17-2 lbs. of C are used for this reaction, 

, 382 X 17-2 , 715 X 17-2 

we have — — 547 cubic feet C0 2 , and — 

12 “ 12 


= 1 ,02$ cubic feet H 2 . 

In reaction (3a) 36 lbs. of 0 2 are used corresponding 


= 402 cubic feet, corresponding to which there will be 

= 1,510 cubic feet N 2 . 

.*. Our analysis of gas becomes — 


36 

mg -0896 
402 X 79 



Cubic feet. 

Per cent. 

CO, . 

. 715 

18*8 

co 2 , . . 

. 547 

14*4 

H 2> . . 

. 1,025 

27-0 

n 2 , . . 

. 1,510 

39-8 


3,797 

100-0 


The CO will produce 56 x 4,320 = 242,000 B.Th.U., and the 
X v 17*2 v 52 500 

H 2 will produce — - — =301,000 B.Th.U., taking 

12 

the “ lower ” calorific value for hydrogen. 
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■ Altogether we have 541,000 B.Tli.U. in 3,797 cubic feet of 
producer gas. 

541 000 

Lower calorific value of the gas -= — ’ — 1 = 142 B Th U 

^ b 3,797 

Taking the higher calorific value for hydrogen, we shall have 

t ,, , , 4 x 17-2 x 61,500 . . 

for the hydrogen ^ — 352,000, giving a total of 

594,000 B.Th.U. 

Higher calorific value of the gas = — — 158 B.Th.U. 

h 3,797 

Requirements of Good Producer Plants. The efficiency of a 
gas producer is measured by the ratio of the heat units in the gas 
produced to the heat units contained in the fuel gasified, and 
a high efficiency can only be obtained by giving attention to 
certain important factors in design and construction. 

Among these may be enumerated :?# 

1. Adequate but not excessive grate area, giving a uniform 
and effective distribution of the blast to the fuel bed, tin. 1 angle 
of incidence of the blast being adjusted to suit the diameter 
of the producer. 

2. A deep bed of incandescent fuel of sufficient thickness to 
ensure a maximum reduction of the C0 2 to UO, and the complete 
decomposition of the steam. 

3. A layer of ashes supporting the incandescent fuel and resting 
on the bottom of the producer lute (not on the grate bars), thus 
preventing the escape of unburnt carbop into tin* water-seal 

4. Introduction of the steam saturated blast at a point where 
it comes into immediate contact with the incandescent fuel 
zone, without previously passing through the ashes which tend 
to obstruct its passage- a practice which in some waiter-sealed 
producers causes cooling and condensation of the steam m the 
blast, and consequent deterioration in the quality of the gas. 

5. Accessibility to the ash zone for the purpose, with clmkering 
fuels, of removing clinker. 

6. Facilities for evenly removing ashes from the water-sealed 
bottom. 

7. Absolute continuity of operation, and uniformity of quality 
and quantity of gas produced during the cleaning of the fire. 

8. Provision for the proper distribution of the fuel in the 
producer in order that the fuel bed may be maintained at an 
even thickness, thus avoiding blowholes, etc. 
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9. Disposal of the grate in such a manner that the greatest 
possible depth of fuel bed may be obtained without unduly 
increasing the overall height of the producer. 

10. Provision for the high superheating of the steam-saturated 
blast and the cooling of the lining Af the producer round the hot 
incandescent zone. This is of the greatest importance in bye- 
product recovery plant for high temperature furnace work 
where gas of the highest heating value is required, along with 
the simultaneous recovery of the maximum amount of sulphate 
of ammonia. It is also of marked advantage in dealing with 
fuels of a highly caking tendency, and has resulted in the successful 
gasification of refractory fuels which could not be worked to 
advantage in other types of producers. 

Mond Pressure Producer. -The large type of pressure producer 
for use with bituminous fuel was developed largely by Dr. 
Ludgwig Mond. 

Two principal types of these pressure producers arc made ; 
oik' fitted with apparatus for recovering sulphate of ammonia 
from the coal distillate, and the one without such recovery 
apparatus. 

The illustration shows in diagrammatic representation a 
modern type of non-recovery water-cooled gas producer plant 
as installed by the Power-Gas Corporation, Limited, for gener- 
ating gas from bituminous producer coal of suitable grading, 
quality, and condition, for use in gas engines or for other pur- 
poses where cleanliness equal to gas engine practice is required. 
The arrangement of plant shown is typical of units up to about 
1,100 B.II.P. capacity, larger units being generally similar, 
but having two or more producers, gas main connections between 
producers and washer to suit, and additional scrubber units. 

The plant may be considered as composed of two sections, 
the gas-generating section — comprising the producer and its 
accessories— and the gas-cooling and cleaning section — com- 
prising vertical static cooler and washer, centrifugal cleaners, 
and sawdust scrubber. 

The producer is of the central blast type with steel casing 
designed to sit on concrete foundations and dip into a water- 
lute, formed in the foundations, and from which the ashes can 
be removed evenly all round without interrupting the working 
of the producer. The grate is conical in form, is built up of two 
or more C.I. sections, and provided with air slots. It is located 
'Concentrically with the producer shell, and is connected up 
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to the blast pipe which passes through the foundations to the 
outside of the producer. The lining of the producer is built 




Mond Pressure Producer. 


of special quality firebricks and fireclay. The producer is fitted 
with a series of horizontal poke holes at about the level of the 
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air slots in the grate, and also with similar holes on the top, 
giving access to the whole of the fuel b£d, these top poke holes 
being fitted with spherical closers. 

A fuel hopper is fitted on the top, of the producer, with sliding 
cover and inner cone valve operated by a lever and balance 
weight. The fuel in the hopper is discharged into a fuel con- 
tainer or inner bell, the top of which is provided with suitable 
poke holes, and from this container, automatically on to the 
fuel bed, this method of charging ensuring a more constant 
quality of gas. The gas outlet branch is fitted on the side of 
the producer casing close to the top. 

/ A steel chequer-plate operating platform is arranged at the 
level of the top of the producer shell, with suitable protecting 
hand-railing and ladder giving access from ground level. 

Fuel-handling plant is frequently included, and the type 
which is usually recommended comprises a power-driven enclosed- 
bucket type elevator, lifting the fuel from a boot at ground level 
into a bunker, which is mounted on substantial supports over 
the producer, and fitted with a shute furnished with lever- 
operated discharge valve leading down to the producer hopper. 
Such an arrangement of fuel-handling plant is shown in dotted 
lines on the illustration, but other arrangements are sometimes 
employed. 

The air blast for the producer is provided by a blower of the 
steam-jet type, arranged so as to ensure a thorough intermixture 
of air and steam before the blast reaches the grate, but in some 
installations a steam-driven Roots or turbo-type blower is 
included, the exhaust steam from the blower engine or turbine 
being led into the blast pipe. 

Leaving the producer, the gas enters the cooler and washer, 
which is of patented design. This type of washer has proved 
to be efficient, and the absence of moving parts, together with 
the freedom from possibilities of blockage, make it a reliable 
apparatus requiring a minimum of attention, with no upkeep 
charges for labour and material for packing or filling renewals 
such as have to be met with in most other types of washer. 

From the washer the gas passes to the first of two centrifugal 
cleaners. These two cleaners are normally arranged to work 
in series, but, where desired, the requisite cross connections and 
valves can be added to enable either cleaner to be cut out of 
operation and bye-passed for purposes of overhauling should 
such be necessary. Fjacli cleaner has a tar drain water-sealed 
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h) a liite in the foundations, and the gas delivery branch of the 
second cleaner is joined up to a sawdust scrubber to the outlet 
of which the gas main leading to the gas engines, etc., is connected. 

The scrubber is a rectangular cast-iron box fitted with wooden 
grids, on which are spread layers of wood chips, shavings, and 
sawdust. The gas enters at the bottom, and passing up through 
these layers receives its final drying and purification. 

The scrubber requires very little attention, only needing to 
be cleaned out and refilled a few times per year, according to 
the load on the plant. A special lifting arrangement is provided 
to facilitate the removal of the cover, and all the spent material 
taken out can be burnt under the* boiler, which provides the 
steam for the plant. 

The drains from the various parts of the plant are run to the 
settling tank, which takes the form of a concrete pit with iron 
or reinforced concrete partition plates so arranged as to keep 
back the tar and allow only the water to run to the drains. The 
tar is then scooped or run off and disposed of in the most con- 
venient manner, either being sold, used for boiler-firing purposes, 
dehydrated, or distilled, according to the quality and quantity 
available and local conditions. 

The auxiliaries of the plant— elevator and centrifugal cleaners 
— can generally be most advantageously and economically driven 
by I'lectric motors if electric supply is available, a direct or con- 
tinuous current being preferable to an alternating-current supply. 

Where requirements call for a minimum fluctuation in the 
pressure of the gas supply, an automatic governor can be added 
to plants in which a power-driven blower is installed. Such 
a governor would be of the gas-holder type, but of small capacity, 
and hence of negligible storage value. The bell of the holder 
is so arranged that, as it approaches its top position, it actuates 
a relief valve connected to the air blast main, reducing the blast 
supply to the producer when the gas make is in excess of the 
requirements, and thus automatically controlling the gas pro- 
duction. 

In installations in which the gas generated is used to supply 
gas engines, and also to fire furnaces, it is advisable that a non- 
return valve should be provided in the gas main to the furnaces. 

A suitable and sufficient supply of steam is required for blast 
saturation purposes ; also a suitable and sufficient supply of 
cold water to the washer, cleaners, and producer lute. Where 
cold water is scarce, water-cooling and circulating plant may 

15 
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be installed, and a considerable portion of the water required 
can be used over and over again. Suitable motive power for the 
auxiliaries will also be required, in the form of electricity or 
steam. 

Some Data on Mond Gas Plants.^' The calorific value of Mond 
gas is from 135 to 140 B.Th.U. per cubic foot ; when ammonia 
has not been recovered from the plant a ton of good slack pro- 
duces about 140,000 cubic feet of Mond gas, the effect of the 
ammonia recovery being to reduce this figure by about 10 per 
cent. The heating value of the gas represents from 75 to 85 per 
cent, of the total heat energy contained in the fuel used for its 
production. 

About GO cubic feet of gas per horse-power-hour is required 
with large gas engines, and the makers of the plant claim that 
by using Mond gas in gas engines a given quantity of fuel will 
produce two to three times tile power obtainable from it with 
high-class steam engines. 

“National” Suction Gas Plant. — We will now describe a 
typical suction gas plant made by the National Gas Engine 
Company, Ltd., of Ashton-under-Lyne. 

The consumption of these plants per I.H.P.-hour is about 
1 lb. for anthracite and 1} lbs. for gas coke. 

The plant consists essentially of a furnace- usually called 
the Generalov- in which the fuel is burnt, and a long cylindrical 
vessel filled with dam]) coke through which the gas is passed, 
and consequently cleaned, on its way to the engine ; this cylin- 
drical vessel is called the Scrubber. 

When the gas-making plant is at work in conjunction with 
the engine, the general action is as follows : — 

(a) The engine draws its charge of gas from an expansion box, 
which is directly connected with the top of the scrubber by the 
gas main (2). The scrubber in turn receives its supply of gas 
from the gas outlet pipe (3), which connects the producer to the 
scrubber, and this outlet pipe is connected in such a way as to 
draw off from the producer the gas which is made through the 
partial combustion of the fuel in the furnace (4) of the producer. 

(b) It will be thus seen that every time the engine sucks in 
a charge of gas, the suction action is communicated from the 
engine through all the interior connections of the gas plant 
until it is felt right at the furnace of the producer. A definite 
air inlet is provided to allow the air required for combustion to 
be drawn into the furnace of the producer at each suction stroke 
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so as to make additional gas to replace that drawn off by the 
engine, and consequently the production of gas is quite auto- 
matic, and in accordance with the demand made by the engine, 
which in turn is regulated by ^ts governor. 
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(e) For the proper production of gas, and the good working 
of the producer, steam must be mixed with the air passing to 
the furnace, so as to keep down the temperature of the latter, 



228 LECTURE XIV. 

otherwise the firebars will be burnt out, and the body of the 
generator cracked. ' 

(d) As the gas which comes off at the upper part of the producer 
is at a considerable temperature, it is used to vaporise the water 
required for the steam supply. In f!he National plants, therefore, 
the air and steam supply is arranged as follows : — 

A jacket (5) is* provided round the gas outlet pipe, and, under 
the suction effect of the engine already referred to, air passes 
in at the inlet (6) and, gradually circulating round the gas outlet 
pipe, is heated considerably before it passes into the vaporiser. 
The vaporiser is formed by the internal circular shell (7) and the 
external circular shell (8), an annular space existing between 
them. The inner shell (7) is heated by the outgoing hot gases 
coming in contact with its interior, on which heat-catching ribs 
are cast. On its external surface a supply of heated water is 
continually fed and is evaporated by the heat of the surface. 
There is consequently an annulus (9) which is always kept full 
of steam while the plant is at work. 

(e) As soon, therefore, as the entering air, which lias already 
been heated by its passage through the air jacket (5), reaches 
the vaporiser, it becomes saturated with steam in passing round 
the vaporiser on its way to the air and steam pipe (10), This 
latter accordingly feeds the space underneath the grate 1 with 
a mixture of air and steam, which duly passes through the 
fire. 

(/) There are a few additional important details which are 
required for working the plant— namely, for starting the plant 
— i.e., before the engine is got to work ; the blow-off pipe (13) 
is then brought into action by opening the cock (14). This pipe 
is extended to the outside air, and the cock (14) is shut as soon 
as the engine is got to work. A water heating arrangement (15) 
is provided, which takes further advantage of the waste heat 
in the outcoming gas from the producer. Double valves (16) 
and (17) are necessary in the coal hopper, through which the coal 
is introduced to the inside of the producer. Valve (16) is kept 
closed while the lid valve (17) is open and the fuel is poured 
into the coal hopper. The lid valve (17) is then replaced and 
the hopper valve (16) is opened, the fuel consequently drop- 
ping through. It is essential that no air should enter the 
producer when at work excepting in the appointed way 
through the air supply pipe (10), and from thence through the 
fire grate. 
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(g) In connection wifh the scrubber there is a seal pot (18), 
into which the overflow pipe (19) discharges the waste water 
from the scrubber, which is continually used whilst the plant 
is at work for cleaning and pooling the gas. This water is fed 
into the scrubber by the sprinkler pipe (20), and it is spread 
over the whole surface of the coke by the distributing dish 
( 21 ). 
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Lecture XtV. — Questions. 

1. Explain by the aid of sketches the action of a Dowson gas plant. 
What is approximately the calorific value of the gas generated ? 

2. Outline some form of suction gas ulant. State clearly particulars of 
fuel and approximate composition of alio gas and conditions affecting 
sam e. 

3. A producer gas has the following percentage analysis by volume : — 
H, 1C ; CO, 20 ; C0 2 , 6 ; N, 58. Determine (a) its calorific value per cubic 
foot at standard prossure and temperature ; (h) the minimum amount 
of air for complete combustion ; (c) the volumetric analysis of the products 
if combustion is complete. Calorific value of 1 lb. carbon burning to 
C0 2 — 14,500, burning to CO = 4,400 ; of H = 62,000 B.Th.U. Com- 
position of air by volume, O, 21 per cent. ; N, 79 per cent. Volume occupied 
by 2 lbs., H = 357 cubic feet at standard temperature and pressure. 

4. A gas producer, furnished with a steam jet, is working in such a 
manner that all the excess heat, caused by the combustion of the fuel 
in the presence of air to form CO gas, is utilised to cause a further reaction 
in which the gaseous products are C0 2 and H. Determine the composition 
and yield of the gas per pound of fuel, if this latter is taken as having 
a calorific value of 8,140 C.H.U. (14,650 B.T.U.) per lb. You may for 
purposes of approximate calculation assume that 1 lb. of hydrogen occupies 
180 cubic feet, that the calorific valuo of CO is 190 C.H.U. (342 B.T.U.), 
and H 162 C.H.U. (291-6 B.T U.) per cubic foot. Also take air as having 
a composition of 20 per cent, by volumo of O, and that the water is supplied 
at 20° C. (68° F.). 

5. The volumo analysis of a producer gas is : — H, 14 per cent. ; CH*, 
2 per cent. ; CO, 22 per cent. ; C0 2 , 5 per cent. ; O, 2 per cent. ; N, .55 per 
cent. Find the air required for the perfect combustion of 1 cubic foot 
of the gas. If 40 per cent, excess air is supplied, find the volume analysis 
of the dry products. Air contains O 2^ -9 per cent., N 72-1 per cent, by 
volume. 
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Lecture XIV.— A M.Inst.C.E. Questions. 

• 

1. Explain with a sketch the working of a suction gas producer. What 
is the object of admitting vapour with the air? Describe any method of 
regulating the vapour supply. 

2. Describe with a sketch oi^o of the lollowing : — (a) A suction gas 
producer; ( b ) a pressure gas producer. Also state the ad\autages of the 
type you describe. 

3. Describe by sketches and explain as fully as ycfli can tho principal 
features of one of the following : — {a) The construction and method of 
operation of any modem gas producer, or (b) some type of large power 
gas engine. 

4. Give sketches showing tho construction of a suction gas-producer 
plant, and explain its action. What advantages does a suction producer 
possess over tho pressure type of producer ? 
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THE DE LAVAL STEAM TURBINE. 

Contents.— Steam Turbines — Definition of a Turbine— Hydraulic and 
Steam Turbines — Reaction Turbine — Hero’s Steam Engine — Impulse 
or Kinetic Energy Turbines — De Laval Steam Turbine — Conical 
Nozzles — Velocities of Outflowing Steam — Diagrammatic Explanation 
of the Sudden Changes in Pressure and Velocity in the Do Laval 
Nozzles — Arrangement of Nozzles — Most Efficient Speed of Buckets 
— Example I. — Steam Consumption per Horse-Power for a Perfect 
De Laval Turbine— Stresses m the Material of a Turbine Wheel — 
Section of Small Wheels — Method of Balancing the Rotating Parts — 
Resistance due to Surrounding Medium — Example II. — Details of 
Turbine Wheel and Gearing for the De Laval Steam Turbine — Speed 
Reducing Gear — Lubrication of Bearings — Number of Steam Nozzles 
— Governor— Speed Variations — Results of Tests showing the Per- 
centage Savings in Steam when using Superheated Steam with 
Varying Loads— Various Applications— Questions. 

Steam Turbines. — The recent conspicuous successes of the De 
Laval and the Parsons Steam Turbines have revived public 
interest in the direct production of rotary motion, by means of 
the expansive properties of high-pressure steam, and taught 
engineers, that this — the first known method of its application 
— can compete successfully both in regard to economy and 
certainty of action with the best forms and designs of recipro- 
cating steam engines. Prior to 1885, steam turbines were 
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generally looked upon as merely interesting “steam eaters/’ and 
chiefly useful for occupying the time, the faculties, and the 
money of sanguine imaginative inventors! The successful intro- 
duction of dynamo machines, together with the rapid develop- 
ment of electrical engineefing during the last decade of the 
previous century, with its over-increasing demands for good, 
high-speed, direct-coupled steam engines, have^so stimulated the 
believers in “ the ideal rotary engine" that, now the tide of 
scientific and practical opinion lias turned, young engineers 
would do well to devote time and thought to studying the piin- 
ciples and action of the latest and best forms of steam turbines. 

Definition of a Turbine. — A turbine is a machine in which a 
gradual change of the momentum of a jluid is applied to produce 
the rotation of the motor. Water and steam are the fluids most 
commonly used for this purpose. 

Steam turbines in common with reciprocating steam engines 
are heat engines, converting the calorific energy of the steam 
into mechanical energy. From another point of \ iew they are 
analogous to hydraulic turbines, and form part of the general 
class called “turbo-machines.” With a knowledge of the thermo- 
dynamic properties of steam, and of the hydraulic turbine, it 
should be easy to follow with confidence, the design, construc- 
tion and action of steam turbines, provided the necessary 
working coefficients for the calculations have been previously 
determined. 

In turbines, the expansion of the steam can be carried to 
extreme limits, much more conveniently than in reciprocating 
engines, and hence the great advantage of employing condensers 
which will give the best possible vacuum. On the other hand, 
the fluid friction and defective shunted leakage of the steam 
increase in proportion as the pressure is raised. From these 
two opposite conditions it will be seen, that for low steam 
pressures, turbines are more advantageous than reciprocating 
steam engines, while they generally consume more steam than 
the latter when the back pressure of the exhaust is equal to or 
higher than that of the atmosphere. 

Hydraulic and Steam Turbines. — Water turbines form a 
special type of enclosed hydraulic motor, which occupies less 
space, is more efficient, more easily governed, rotates at a greater 
speed, and is applicable to greater ranges of “ head ” or pressure 
than an ordinary water wheel. They are classified in several 
different ways, depending upon the manner in which their 
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respective special construction and action are considered. For 
example, we may divide tlmm into (1) inward flow ; (2) outward 
flow ; (3) parallel or axial flow ; and (4) mixed flow turbines.* 
Steam turbines may be conveniently divided into four types 
— (1) reaction; (2) impulse or actfon ; (3) fall of potential or 
continuous expansion; and (4) the “multicellular” turbines, 
or a combination of (2) and (3). We shall now illustrate and 
describe one of each of these kinds of steam motors. 


(1) Reaction Turbine — Hero’s Steam Engine.— The earliest 
known use of steam for producing motion was in 130 B.c., when 

Hero of Alexandria, in Egypt, 
applied the flame from a fire as 
1 at F, to heat water in a cauld- 

sti&w ron C, for the purpose of 

f generating steam and conduct* 

F nS ing 8ame by a pipe P, to a 

| II 1 globe G, from which it then 

p || I issued by two oppositely directed 

l! | nozzles N v N 2 , fixed at right 

Jl angles to the axis of the globe 

JT' I — upon which it freely rotated. 

Mrc & The reactions due to the two 

unbalanced pressures of the 
' rmb** steam as it issued from th£ two 
‘ nozzles, formed a “ couple M 

which was capable of turning 
the globe at a very high speed, 
but w ^b ^tle P ower f° r a 
vfe flkt Vfljro k. yy^v great expenditure of steam. 

Consequently, this simple reac- 
fL — I — - j ^j on ^p e 0 f s team turbine has 

Fio, 1 .— Hbbo’s Engine, 130 B.c. no* been successfully applied 
as a prime mover, although 
many persons have tried in various ways to adapt it to the 
driving of small light machines. 

(2) Impulse or Kinetic Energy Turbines.— In this- type of 
8 team turbine, the heat energy of the steam is first converted 
into kinetic energy, and then so applied to the movable parts of 
the turbine as to produce and keep up continuous rotation. The 
second part of this action is similar to that performed by water 


♦ See the Author’s Text- Book on Applied Mechanics and Mechanical 
Engineering, Vol. IV. on Hydraulics, Lecture V., for these kinds of 
turbines. 
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in turbines of the Pelton wheel class, although the first part does 
not appear in hydraulic motors. Water as used in turbines is 
practically of constant density, volume, and temperature, whereas 
the density, volume, and temperature of steam may be varied 
within very wide limits Water, in such cases, may therefore be 
regarded as having a constant weight per cubic foot, and hence 
the kinetic energy given up by each cubic fopt, depends solely 
upon its effective pressure. 

Now, although the weight of a cubic foot of steam is always 
small, still the freely-issuing steam has such a very high velocity, 
even at moderate pressures, that it is imbued with much greater 
kinetic energy than a cubic foot of water acting under the same 
pressure per square inch. For example, as shown by the cal- 
culation in the footnote, we see that when 1 cubic foot of steam 
at 35 lbs. pressure by gauge, issues freely from a pipe, it acquires 
the same kinetic energy as 1 cubic foot of water, also issuing 
freely from a pipe, under a pressure of 62*5 lbs. by gauge; 
although, the latter weighs 520 times as much as the former. 
Yet, because the steam turbine can have a working velocity 
of 2,200 feet per second, whilst the water motor can only have 
that of 96 feet per second, due to its “head,” their available 
kinetic energies are practically equal.* 

De Laval Steam Turbine. — The best and most successful 
example of the kinetic energy or impulse turbine which we can 
select for illustration, is that first patented in this country in 
1889, by Dr. De Laval. About seven years previously, this 
inventor had brought out in Sweden a purely reaction type of 
turbine, somewhat after the style of the moving part of Hero's 
engine, for the direct driving of cream separators. In this, his 
earliest fbrm, the rotating part simply consisted of a horizontal 
S pipe, which was freely hung by a spindle, fixed to the upper 

* Since 1 cubio foot of water weighs 62*5 lbs., a vertical column of water 
of 1 square inch cross-section, and 144 feet in height, would occupy 1 cubic 
foot and cause a pressure of 62*5 lbs. on its 1 square inch base. Now, 
since v 3 = 2 gh = 2 x 32 x 144 = 96 2 , . \ the velocity of free issue v = 96 feet 
per second. Again, referring to the Steam Table in Lecture VII. of this 
book, we see that 1 cubic foot of steam at 50 lbs absolute or 35 lbs. pres- 
sure by gauge, weighs 0‘ 12 lb., and from experiments or calculations of the 
energy in this volume of steam, it is found that the working velocity of 
outflow may be 2,200 feet per second. Hence, we can make the following 
comparison of the kinetic energy of I cubio foot of water and 1 cubic foot 
of steam at the aforesaid pressures : — 

Kinetic energy of 1 cubic foot of \ _ Wv 2 _ 02 5 x 9G 3 _ tir lUm 

water at 62 5 lbs. per square inch / ~ ~2g~ ~ 2 x 32 *t.-lbs. 

Kinetic energy of 1 cubic foot ofl __ Wp 3 0*12 x 2 ,2 00 3 _ ^ 

steam at 35 lbs. per square inch / 2 g 2 x 32 ipproxiwlkuir 1 
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and middle balanced centre of this pipe. Steam from a boiler 
passed into a hole on the lower side of the S pipe, immediately 
opposite the centre of motion, and passing along the bends in 
each direction it issued from the open end3, thus causing the 
bent pipe with its spindle and the cream separator connected to 
the latter, to revolve at a high speed, in the same manner as the 
old “Scotch Banker’s Mill” water turbine. The low efficiency 
and small power obtainable from this primitive, simple arrange- 
ment, however, led De Laval to devise the present ingenious 


and interesting form of lm 
made in this country by Green 
to whom T am indebted for tin 



Fig. 2. -Showing the Action of 
Steam in De Laval’s Tur- 
bine Wheel. 


ing velocities shown in the 


se steam turbine, which is now 
food <fc Batley, Limited, of Leeds, 
following illustrations. 

The accompanying figure shows 
four diverging nozzles with one 
cut open, to graphically exhibit 
the action of steam blowing or im- 
pinging upon the concave vanes, 
formed around the periphery of 
the turbine wheel. The shape of 
the interior of the outer ends of 
these nozzles is such, that the 
steam expands from their throats' 
to their points in such a way as 
to obtain as complete adiabatic 
expansion as possible, and thus 
directly convert static heat energy 
into kinetic energy. This kinetic 
energy of the steam jets is there- 
fore directly imparted to the 
little buckets of the turbine 
wheel, and thus causes the same 
to rotate at the very great work-, 
lowing table : — 


Speeds of De Laval Turbine Wheels. 


Sires of Turbine. 

Middle Diameter 
of Wheel. 

Revolutions per 
Minute. 

Peripheral Speed. 

H.P. 

Mm. 

Ins. 


Feet per second. 

5 

100 or 

4 

30,000 

515 

15 

150 „ 

6 

24,000 

617 

30 

225 „ 

8i 

20,000 

774 

50 

300 „ 

11| 

16,400 

846 

100 

500 „ 

19f 

13,000 

1,115 

300 

760 „ 

30 

10,600 

1,378 
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The steam, after performing its work on the wheel, may be 
allowed to exhaust into the air. But, when a convenient supply 
of condensing water is available, ■ the power, efficiency, and 
economical working of the turbine is greatly enhanced by con- 
necting it with an ejector condenser. This form of condenser 
has been found equally applicable to small as well as to large 
motors, which is not the case with the more expensive and 
complicated air pump and condenser. 



Fig. 3.— Section or the De Laval Steam Nozzle. 


Conical Nozzles. — As has just been mentioned, a very high 
velocity of the steam is obtained by passing it through specially 
shaped conical nozzles. In these nozzles the steam is expanded 
from its original pressure down to that in the casing in which 
the Ifurbine revolves. The accompanying Fig. 3 shows a longi- 
tudinal section of a nozzle drawn to scale as first bored and 
reamed out to the shape shown by the dotted lines at the nose. 
This nose is then cut to an angle of 20°, as shown by the full 
front inclined line on Fig. 3, and also by Figs. 2, 4, 5, and 8. 
The nozzle is intended for an initial steam pressure by gauge 
of 200 lbs. per square inch and a vacuum of 28 inches ; which 
means, that the steam is expanded in the nozzle from 215 lbs. 
absolute down to *93 lb. absolute. During this expansion the 
steam (which leaves the nozzle as a cylindrical jet) attains a 
very high velocity. Extensive calculations have been made 
and experiments have proved, that if the steam is expanded 
adiabatieally inside the nozzle, the whole of its potential energy 
is converted into kinetic energy, and the energy of this steam is 
absolutely the same as if it had been expanded in the cylinder 
of an engine. 

Velocities of Outflowing Steam.— The kinetic energy of any 
moving mass is expressed by the well-known formulas 
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Where E K * Energy of kinetic form in ft.-lbs. 

„ W = Weight of the mass in lbs. 

„ ti b Velocity of the mass in feet per second. 

And, g «= The acceleration of gravity in ft. per sec. per seo. 

Now, suppose W to be 1 lb. of dry saturated steam of an 
absolute pressure p , lbs. per square inch, and that it is expanded 
adiabatically in & De I. aval nozzle down to a pressure p 2 lbs. 
per square inch, the following equation is obtained : — 

Heat enorgy at pres-] [ Heat energy at 1 ( Kinetic energy, Ek, at 1 

sure Pi lbs. per sq. V = ] pressure p 2 lbs. V + x pressure p 2t expressed j- 
inch J Iper sq. inch J tin heat units J 

Or, which is the same thing : — 

{ The kinetic energy, Ek, ) f Heat energy atl f Heat energy at pres-^l 
at pressure p v ex- \ = \ pressure^ lbs. J- - < sure p 2 lbs. per sq. V 
pressed in heat units J [per sq. inch J (j nc h J 

If H 1 and H 2 be the heat energy at pressures p x and p 2 lbs. 
per square inch respectively, when expanding adiabatically, and 
J the mechanical equivalent of heat, then, since E K = W v 2 /'2 g, 
and since W - 1 lb., we get, E K = 1 x v 2 /2 <7 = v 2 j2g. 
Or, 

But, Dy Lee. X I II., Vol I., the kinetic energy E K or total work 
to be got out of eaoh lb. of steam, must equal the heat-energy in 
the same ; or, E K = J (Hj - H 2 ) ft.-lbs. Hence, substituting 
this value of E K in the above equation, v = ^/ 2 g E K ; we get — 

TU velocity of the J ffg! (H.-li A . (I.) 

outflowing 8team> j v \ 1 v \ / 

Consequently, every pound ol dry saturated steam which 
issues from a boiler through a smooth, rounded circular hole 
and then expands adiabatically, is imbued with — 

The Kinetic Energy^ E K = + ^ i~ x (^*) 

zg 

Where, x = The specific quantity or dryness of steam in 1 lb. 
of the fluid. 

M t x * Temperature of the initial steam at pressure p x 
absolute, from Table II., Vol. I. 

*If the student refers back to Table II., Lecture VII., and to Lectures 
IX., XI., and XIII., Vol. 1., he will see how— 
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Where, t 2 ° = Temperature ol the exhaust steam at pressure 
absolute, from Table II. 

„ Lj = Latent Heat of steam at pressure p x lbs. absolute, 
from 'fable II. 

„ Li, = Latent Heat ctf steam at pressure p 0 lbs. absolute, 
from Table II. 

As stated in a previous lecture, the internal beat depends upon 
the dryness fraction of the steam, consequently the calculations 
are made on the basis of constant entropy during its adiabatic 
expansion. It has been proved by experiments, that it is only 
when a certain ratio exists between the steam pressures p x and 
p 2 , that the maximum amount of steam flows through a con- 
verging nozzle; and, further, that this maximum flow always 
takes place if these circumstances exist This ratio for saturated 
steam is — 

^ = 0-577 ; or, Vi - 0-577 x />,. 

V i 

If, for instance, we have dry steam at an initial pressure 
Pj = 215 lbs. absolute, at the inlet A, as shown by Figs. 3 and 4. 

And, if the percentage of moisture by ) _ q 
. weight in the steam f 

„ if the specific quantity of the steam = 1 lb. 

„ if the specific volume of the steam = 2*11 cub. ft. per lb. 


Then, at the line B, which is drawn at the throat or smallest 
section of the nozzle, we will obtain from the above equation — 

The pressure^ = *577 x p x = *577 x 215 

= 125 lbs. pressure absolute. 

Now, due to the change in the steam from mere potential 
energy at A to that of partial kinetic energy at B, we find — 


The percentage of moisture by weight 
in the Steam . 

The specific quantity of steam 
The specific volume of steam 
The velocity of steam . 


■» 4 per cent. 

- *96 lb. 

« 3*5 cub. ft. per lb. 

= 1,500 ft. per second. 
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Further, if at the largest section, 0, where the steam leaves 
the nozzle, we get— 


The pressure 

The percentage of moisture by weight 
in steam ..... 
The specific quantity of steam 
The specific volume of steam 
Velocity of steam .... 


= -93 lb. 

- 21 per cent. 

= -76. 

= 256 8 cub. ft. per lb. 

— 4,127 ft. per second. 


It will thus be seen, that the object of the diverging part of the 
nozzle is to further expand the steam. For this initial steam 
pressure and vacuum the propoition between the areas of the 
smallest and largest sections of the nozzles should be as 1 to 
27*23. If the nozzle be properly constructed, the steam leaving 
it has the same pressure as the surrounding medium, and as no 
further expansion takes place it must leave the nozzle in a 
cylindrical jet. This jet impinges on the vanes of the turbine- 
wheel placed before the nozzle, and, as the radial length of the 
buckets is always a little larger than the diameter of the jet, 
all the steam leaving the nozzle must pass into and out of the 
buckets. 

Diagrammatic Explanation of the Sudden Changes in Pressure 
and Velocity in the De Laval Nozzles. — Since the sudden fall of 
pressure and temperature of the steam, when travelling such a 
short distance into the nozzle, appears to be more or less of a 
paradox to young engineers, the following diagram and explana- 
tion have been reproduced from the Proceedings of the Institution 
of Engineers and Shipbuilders in Scotland, as given therein by 
the author at the discussion on the De Laval turbine. This 
explanation was put forward with the view of trying to explain, 
not only the sudden fall of pressure near to and in the throat of 
'the steam nozzle of the De Laval turbine, but also the further 
fall of pressure along the conical part to its mouth. The full 
line curve represents the natural loss of pressure in dry satu- 
rated steam as it expands in accordance with Professor Rankine’s 
well-known formula, pv& = a constant; where p is the' pressure 
in lbs. per square inch absolute, and v the corresponding volume 
in cubic feet per lb. of steam. This curve may be drawn by 
students to a large scale, from 475 lbs. per square inch — at 
which pressure, 1 lb. of the steam occupies 1 cubic foot — down 
to 1 lb. absolute, at which it occupies 330 cubic feet. But, in 
the reduced figure, it only includes the range of pressures 
specially mentioned in this example. The dotted line represents 
an adiabatic expansion curve to pv^ = a constant, from 215 lba. 
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absolute at A, before entering the nozzle, down to 0*93 lb. at C, 
where it occupied 256*8 cubic feet, and leaves the nozzle with a 
velocity of 4,127 feet per second with 24 per cent, of moisture. 
This curve passes through the poin^B, where the steam occupies 
3*5 cubic feet, and has 4 per cent of moisture, with a velocity of 
1,500 feet per second. Now, it is evident from this curve, that 
if the potential energy of each lb. of static steam at A has been 
so far converted into kinetic energy at B, that its velocity is 1,500 
feet per second, and contains 4 per cent, of moisture, with an 
increase of volume from 2 11 cubic feet at A to 3*5 cubic feet at 
B, it must of necessity have fallen in pressure from 215 to 125 
lbs. absolute pressure in doing so! This is in strict accordance 
with the natural law for the adiabatic expansion of steam. The 
temperature of the steam must also fall from 382° Kali, to at 
least 340° Fah. in this short passage, and must thereby loose 
potential energy due to friction and increased velocity. This 
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accounts for its expansion from 1 lb. of dry saturated steam at 

A, to that of slightly moist steam at B, with a corresponding 
and natural loss of pressure and temperature due to the partial 
transformation of its potential energy at A, into kinetic energy at 

B, with the certified velocity of 1,500 feet per second. All 
the references to steam injectors and to ejectors, <fcc., as found in 
some books and papers, do not help the student to arrive at a 
reasonable solution of this problem. The simple fact remains, 
that steam has been proved to undergo such changes, and when, 
these are coupled with a reference to the adiabatic curve of 
expansion, they seem quite sufficient to account for the sudden 
drop in pressure up to B. Also, the further increase of volume 
and velocity down to its entry into the turbine-wheel buckets, 
with almost all its potential energy and expansive properties 
taken out of it — when viewed by aid of the adiabatic curve — is a 
clejir and complete solution of this, to some, an apparent paradox- 
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- Arrangement of Nozzles. — Having arrived at the kinetic 
energy of the steam* the next point is to arrange that the 
largest possible amount of this kinetic energy shall be utilised 
by the vanes of the wheel for the production of mechanical / 
energy. In the De Laval 'turbine, the nozzle is placed at an 
angle of 20* to the plane of rotation. This is shown by the 
accompanying figure, and there is a spacq, of only inch 
between the face of the nozzle and the buckets of the wheel. 
Consequently, there is no loss of velocity in the steam jet 
between its leaving the nozzle and its entering the buckets of 
the turbine wheel. 

Most Efficient Speed of Buckets.— The most efficient speed 
for the buckets is clearly that speed at which the steam will 
leave them at the lowest relative velocity. Tho maximum 
efficiency is obtained when the peripheral speed of the turbine 
wheel (i.e., the linear velocity of the buckets), runs at 47 per 
cent, of the velocity of the outflowing steam, when the angle 
between the nozzle and the plane of rotation of the wheel is 20°. 
The absolute velocity of the steam leaving the buckets is then 
34 per cent, of its initial velocity, and since the kinetic energy 
given up by the steam is proportional to the square of the 
velocities, we get — 

v 2_ v 2 100 2 - 34 2 

{The efficiency, s = 1 ^ 2 f • = i(X) 2 ~ = P er cent - 

Where, v l = Velocity of the steam impinging on the blade* 
or vanes of the turbine = (say) 100. 

And, v, = Velocity of the fluid when leaving the ring oj 
vanes = 34, as compared to v v = 100. 

This means, that when a wheel is running at 47 per cent, of 
the velocity of the outflowing steam, 88 per cent, of the tota/ 
kinetic energy of the steam is absorbed by the turbine wheel for 
the production of mechanical energy. 

The best speed for any De Laval wheel can be easily calculated 
from the above rule. In the nozzle of the previous example, where 
the steam pressure was 215 lbs. per square inch absolute, the 
vacuum was 28 inches or '93 lb. absolute, and the velocity of the 
steam jet 4,127 feet per second, from which we get the correct 
speed of the centre line of the buckets to be (Fig. 4 and p. 244) — 

4,127 X 47 . n a r\ cl j 

V 1 x 47 per cent. = — = 1,940 feet per second. 

This tremendous speed is about 22J miles per minute, and is 
far too high for any practical purpose at present. Moreover, it 
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obtained from the same quantity of dry steam when exhausting into a condenser with a good vacuum, as 
the result obtained when exhausting the steam directly into the atmosphere. 
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can only be attained in a machine like the De Laval turbine, 
where the wheel revolves quite freely in its casing, nnd where 
there are no rubbing surfaces or steam-tight joints to contend 
against. The highest speed yet made use of is about 1,380 feet 
per second, in the case of the 300 H.P. De Laval turbine (p. 236) 

When any fluid, such as wet, dry or superheated steam, air or 
any other gas expands adiabatically from a vessel at pressure p 1 
lbs. per square inch (wherein it has no velocity), into a place 
where its pressure is p 2 lbs. per square inch, then we can find 
the work which it would do if admitted to an ordinary cylinder 
with piston, but with no clearance, when expanding adiabatic- 
ally to the same final pressure p 2 . We know that for each 1 lb. 
of the fluid the work done by it is equivalent to its change from 

potential to kinetic energy, or - — . It is also equal to the 

number of B.T.U. given up by the steam during its adiabatic 
expansion multiplied by Joule’s equivalent. 

Hence, from the previous equations (I.) and (II.) in this 
lecture and the above, we get — 


W« 2 

Ee = -JJ-- J(H,-H S ) = ,T{(V-0 + V*L 2 }- 

Where W = 1 lb. and v = (II 1 - H 2 ), we get — 

% J 2 7 J = n / 2~7 32“2Vf78 = 224. 

.\ v = 224 J ( H x - H 2 ) feet per second. 

Or, v = 224 J(t x - t 2 ) + Lj — x Lj feet per second 


Example I. — Find the velocity with which dry saturated 
steam of 215 lbs. absolute issues from a boiler into a De Laval 
nozzle, wherein it expands adiabatically to a terminal pressure 
of 1 lb. per square inch. Here let the dryness fraction = *76 at 
the point of discharge from the nozzle upon the turbine buckets 
— let the steam have 24 per cent, of moisture, or all exactly 
as in the diagram, Fig. 4, 

Kefeiving to the above equation and to Table II., Lecture 
VII., Vol. I., for the various known values, we get — 

= 387*7, t 2 ° = 102, Lj = 838-9, and xL, = *76 x 1,043. 
Hence v = 224 - t 2 ) + Lj -x L 2 . 

Or v = 224 V(387-7 - 102) + 838 9 - (-76 x 1,043), 

v = 224 J'SS'l = 224 x 18-2 =* 4,076 feet per second. 

Whereas, v = 4,127 in the facing table, issued by the makers of the 
De Laval turbine, or only 1'3 per cent, more than our calculation. 
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Steam Consumption per Horse-Power for a Perfect De Laval 
Turbine. — If, for instance, th$ speed of the steam entering the 
buckets of the turbine wheel be 4,000 feet per second, the speed 
of the steam leaving the buckets should be 1,360 feet per second, 
and the horse-power per lb. of steam — 

v? - v/ = 4,000* - 1,360 2 p 

2 g foot-lbs. per second 2 7 x 550 x 3, G00 
And the steam consumption per H.P.-hour would be — 

27 * 550 x 3,600 
"4,000*'- 1,360 2 ~ 


Stresses in the Material of a Turbine Wheel. — The stresses 
in the rotating materials (moie especially those due to centii- 



Fio. 6. — Stresses in the Material of a Dh Laval Turbine Wheel. 


fugal force), ure much greater than are usually met with in 
practical engineering. To give some idea of the magnitude of 
these stresses, it may be mentioned that in the 300 H.P. turbine 
the centrifugal force caused by each bucket weighing 250 grains 
is 15 cwts., or 47,000 times the statical stress produced by the 
mere weight of the bucket, when the wheel is revolving at its 
normal velocity ! The tangential stresses also increase towards 
the hole through the centie of the wheel. To avoid this, the 
larger sizes are made solid without a hole through their central 
boss, but the shaft is made in two pieces and fixed to the wheel 
by flanges and screws, as shown by Fig. 7. To withstand the 
centrifugal stresses the wheel is made of a solid disc with the 
buckets dovetailed around its circumference. 


8fcCTlO!T 0* SMALL ttllERLS. 


2 il 

Section of Small Wheels. — The stresses in the wheel are tan- 
gential and radial. Consequently, if we call the radial stress 
R, and the tangential stress T, it will be evident that both R 
and T, increase with the radius, and are greatest at the circum- 
ference of the wheels. Fuither, these stresses depend on the 
axial thickness of the wheel in each place, and they also alTect 
one another. It will be seen from the diagram (Fig 6), which 
shows the stresses in a wheel for a 50 II P. steam turbine, that 
the wheel is so constructed that both sit esses R and T have 
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their largest value at the circuinfeience of the wheel, just where 
the buckets are fixed Hence, the wheel is not made of uniform 
Btrength, but is strongest at the centre which is the heaviest 
part. ^ The various cross sections of the wheel are therefore so 
proportioned to meet the case Consequently, for the weakest 
part of the wheel, where the buckets are fixed, a recess is turned 
in the outer portion of the wheel, so that if it should burst from 
an excess of speed, it would give way at this recess, and the 
vanes would become detached, when the wheel would stop 
rotating. The vanes are so light that no damage would ensua 




LECTURE XV, 


246 

In designing a turbine wheel, a certain coefficient of safety ift 
used, and fixed stresses in the material at different diameters of 
the wheel are adopted. These stresses are so proportioned that 
breaking would take place if the wheel was run at about double 
the number of revolutions requirectin actual work. 

Method of Balancing the Rotating Parts.— The great difficulty 
here is, that no matter how carefully the disc is balanced when 
in a state of rect, its centre of gravity would not identically 
coincide with the geometrical centre round which the wheel 
revolves. At a very high speed this would cause such severe 
vibrations, that no ordinary bearings would be able to withstand 
the stresses arising therefrom. This difficulty was overcome by 
using a flexible shaft. On account of the very high speed of the 
wheel, a shaft of very small diameter is suflicient to transmit 
the power. The bearings supporting this shaft are naturally 
fixed at a considerable distance on each side of the wheel to give 
the shaft freedom. The vibrations, however, increase with the 
speed up to a certain point, which is called “ the critical speed of 
the wheel,” at which speed they suddenly disappear, and the 
wheel settles down and runs perfectly smoothly in its bearings. 
This phenomenon is known as the “settling oi the wheel/’ and 
it is caused by the wheel rotating at the slower speeds round the 
geometrical centre, but when it readies the “ critical speed ” the 
shaft bends a little out of the geometric centre line ; Jthus, 
the wheel automatically begins to rotate round its true centre of 
gravity.* On account of the flexibility of the shaft, and the 
extreme accuracy of the turning and balancing of the wheel, this 
settling takes place at from J to J of the maximum normal 
running speed of the wheel. In fact, in the modern turbines, 
this effect is hardly noticeable, as all the revolving parts of the 
turbine are most carefully balanced, by the parts being mounted 
on the shafts with tapered centres. 

* The reason for the above phenomenon cannot be scientifically ex- 
plained, but assuming, as is very probable, that the settling of the whoel 
oocurs when the number of revolutions per minute is equal to the number 
of vibrations which the shaft makos with the wheel mounted upoy it, then, 
the critical speed can be calculated, and it is found to be — 

N = k /-. 

yw 

Where N = number of revolutions per minute. 

F = the force required to bend the shaft a certain distance. 

W = the weight of the turbine wheel. 
h = constant. 

This formula seems to correspond very closely with the results obtained 

by actual testa. 
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Resistance Due to Surrounding Medium. — From the very 
beginning of experiments with this turbine, Dr. Do Laval iound 
it necessary to adopt very high speeds if the machine was to be 
constructed on the “action” principle. A high linear velocity 
of the buckets of the power-wheel of the turbine, is only 
to be obtained either by using a small wheel running at a great 
number of revolutions, or by employing a larger wheel running 
at a comparatively slower speed. There are, lufwever, two points 
to be taken into consideration in the question of w loads or 
bodies revolving at a high rate of speed. One is the strength of 
the material ot which the wheel is to be constructed, and the 
other is the resistance of the surrounding medium to the motion 
of the wheel due to surface friction. Another matter of equal 
importance is the bulk and weight of the machine. It is found 
that the resistance of the tuibme wheel increases more rapidly 
with the diameter of the wheel than with the number ot revolu- 
tions, and for this reason, and on account of the bulk and weight, 
small wheels running at high speeds are used for machines ot 
small power, and larger wheels running at a moditied speed for 
larger turbines. As the question ot economy is becoming of 
more importance, the size of the wheels and also the number of 
revolutions in the larger unit of machine are so proportioned, 
that with the increasing size of the units the velocity of the 
van%s of the wheel approach more closely to what it ought to be 
from a theoretical point of view. The resistance to which the 
revolving wheel is subjected from the surrounding medium 
depends partly on the skin friction, and paftl) on churning or 
eddy making. It is found in practice that this resistance is 
almost exactly proportional to the density of the surrounding 
medium, and that it increases approximately with the fifth 
power of the diameter and the third power of the number of 
revolutions. It will be evident that the thinner the medium 
which surrounds the wheel the less will he the resistance offered 
to its motion. The resistance is less in dry saturated steam 
than in air of the same pressure, and it decreases as the vacuum 
becomes more and more perfect; also, the tesistance is less in 
superheated than in saturated steam, and it decreases with the 
amount of supei heating. 

Example II. — A 150 H.P. turbine Wheel is subjected to a 
resistance of 35 H.P. when running in steam of one atmosphere 
(or 30 inches of mercury absolute pressure), but if run in a 
vacuum of 28 inches (2 inches of mercuiy absolute pressure), the 
resistance will be decreased in about the same proportion. 

Or, 30' : 2* : : 35 II P. \x H.P.* 2J H.P. 
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This is a gain of 32| H.P. The velocity of the steam jet issuing 
into a vacuum is, moreover, higher than the velocity of outflow 
into the atmosphere, and both the above circumstances make it 
essential that turbine machinery should be run under as good a 
vacuum as can be maintained. 

Speed- Reducing Gear. — The best speeds of these wheels for 
economy and efliciency of steam are far too great for direct 
coupling to ordinary machines, and, therefore, it is necessary to 
reduce the same to speeds generally in use. This is done by 
means of double helical gearing. The pinion is made of very 
hard steel, while the teeth on the large wheel are of softer steel. 
The speed of the gearing — that is, the linear velocity of the 
teeth — is about 100 feet per second. 

In the small size turbines there is only one gear wheel (Figs. 
8, 9), but in the larger sizes there are two — one wheel being on 
each side of the pinion — with, of course, two low speed shafts, 
which prevent any great side pressure on the high speed shaft, 
as shown by Fig. 10. The gear is generally arranged for a 
reduction of 10 to 1, and works very well. In the larger sizes 
it is accompanied, when working, by a dinging or hissing noise, 
to which there is little objection. 

What may be the life of this gear is not yet known, but it 
must be great when lubricated with good oil, since after four or 
five years regular working it is impossible to see any signs of 
wear. Jn one or two of these turbines the only signs of wear 
after a few months work were, that the driving side of the teeth 
had a better polish than the other side. 

Lubrication of Bearings. — The high speed bearings are usually 
lubricated with sight feed lubricators, while the low speed shaft 
bearings are lubricated with the now universal ring system of 
oiling, as shown by Fig. 9. 

Number of Steam Nozzles. — Small turbines are fitted with 
only one steam nozzle, but the number is increased in proportion 
to the size of the turbine. Each nozzle has its own stop valve. 
Consequently, if the turbine has to deal with a light load, one or 
more of the nozzles can be turned off, so that the remaining 
nozzles may work at their best efficiency (see Figs. 5, 8, 
and 10). 

The Governor. — The governing of these turbines is effected 
by means of a very simple type of centrifugal governor, and is 
attached to the end of the low speed shaft. The two balls or 
expanding parts are supported on knife edges, and work with 
Very little friction. The centrifugal action of the governor balls 
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forces out a central pin, which presses on a lever, and thus 
actuates the governor valve. 

Speed Variations. — De Laval turbines work with any steam 
pressure between 50 and 200 lbs. square inch, when exhausting 
either into the atmosphere or into a condenser. The only change 
required for doing so is in the nozzles, which are interchange- 
able, and are shaped differently for the different pressures, and 
according to the amount of expansion of the steam. Some- 
times turbines are fitted with two sets of' nozzle •> — ono set for 
discharging into the atmosphere, and one set for exhausting into 
a condenser vacuum. 



Fio 10. — One Hundred Horse- Power L)k Lyval Dynamo Plant. 


The De Laval Patent Steam Thru ink. 
Index to Parts in Firj 9. 


A for Steam stop-valve. 

B . , Cover for steam chest. 

C ,, Steam sieve. 

D ,, Governor valve. 

E ,, Steam chest. 

F ,, Turbine wheel. 

G ,, Gear-wheel and pulley shaft. 
H ,, Pinion. 

J ,, Gear-wheel. 

L ,, Flexible shaft. 

M ,, Belt-pulley. 


N for Exhaust. 

O ,, ('over for turbine-case. 

P ,, Lubricator for ball-bush. 

R ,, Exhaust passage. 

S ,, Tightening-bush on flexible 
shaft 

T ,, Gear-case. 

U ,, Lubricators for gearing. 

V ,, Drain-cock for steam chest* 
X ,, Centrifugal governor. 

Y Z ,, Safety bearings. 
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Results of Tests. — The velocity of the steam when leaving 
the nozzles increases with the initial pressure, but as have 
already seen the greatest? gain in velocity is obtained by 
exhausting into a high vacuum. For example, referring to table 
on p. 530 in this lecture, we see ,*that with an initial pressure 
of 100 lbs. by gauge, and exhausting into the atmosphere, the 
velocity is 2,717 feet per second ; whereas, when exhausting 
into a 28-inch vacuum it reaches 3,871 feet per second. This 
means, that with a 28-inch vacuum there is a saving of nearly 
50 per cent, in the steam used, because in each case the kinetio 
energy varies directly as the square of the velocity of impact 
of the steam on the turbine wheel. Superheating the steam is 
"advantageous to the turbine, as it gives the steam jet a higher 
velocity, thus increasing the kinetic energy of the steam, and 
it also diminishes the resistance to the rotation of the turbine 
wheel. Any degree of superheating can be used with De Laval 
turbines, as the highly superheated steam does not come into 
-direct contact with the moving parts of the machinery. By the 
time the steam reaches the chamber in which the turbine wheel 
"revolves, it has already attained the pressure and temperature 
of the exhaust steam. It ha3 been found from the results of 
tests that not only the steam consumption, but also the heat 
consumption in B.T.U. per H.P.-hour are lowered when the 
turbine is driven with highly superheated steam, as fShown 
by the following table : — 

Table showing tiie Percentage Savings in the De Laval 
Turbine when using Superheated Steam for Loads 
Requiring the full use of Fhoiit, Seven, and Five 
Nozzles Respectively. 


No of Nozzles 
open. 

Steam Pressure 
in Lbs by Gauge 
below Governor 

Vacuum in 

Inches 

Amount of 
Superheat at 
Governor Valve. 

B.H P. Load with 
Superheated 
Steam. 

B H.P. Load with 
Saturated bteam. 

Lbs. of Super- 
heated Steam 
used per B.H P. 

Lbs. of Saturated 
Steam used 

Ijer B.H.P. 

Percentage gain 
by use of Super- 
heated Steam. 

8 

198*5 

27 2 

81° F. 

352 

333 

13-94 

15-17 

Per Ceut. 
8-8 

7 

197 

27-4 

64° F 

298-4 

284-8 

14-35 

15-56 

8-4 

5 

197-7 

27-4 

16° F. 

196 

195-2 

15*53 

16 54 

6*5 


The illustration (Fig. 10) shows the application of a 100 
HP. De Laval turbine to the driving of a twin armature 
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high speed dynamo. The speed is regulated by a seusitive 
governor of the centrifii^al type, and the steam consumption has 
been proved to be only 24'5 lbs. per* electrical hoise-power-hour 
(or say about 20 lbs. per I.H.P.-hour) in the case of a 50 horse* 
power Turbo-dynamo plant, Supplied with steam at 114 lbs. per 
square inch and with an ejector condenser making a vacuum of 
13 lbs. per square inch. 

Various Applications. — This steam turbine 6an be used for 
a variety of purposes : — 

1. It may be arranged for driving mill machinery by belting 
or ropes, in which case the turbine should be bolted to the 
foundation, but in many other cases this seems to bo un- 
necessary. 

2. It is extensively used for driving dynamos, as shown by 
Fig. 10, and in the larger sizes there are always two armatures. 
This also has the advantage, that the machine may be used for 
two different voltages by coupling the armatures either in 
series or in parallel, which is suitable for a three-wiro system 
of electrical distribution. 

3. The^e turbines are frequently used for the direct driving 
of centrifugal fans and pumps. Their high speed renders this 
combination very efficient. In the case of having to pump 
water up from mines or to higher elevations, two or more 
pumps may be coupled in series. The turbine fan can deliver 
air of high pressure, and the machine can, therefore, bo used 
as a blower for cupola furnaces with great advantage. 
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L I'XTt’R K \ \ r . — |)l'KSTI<)NS 

1. Express in ymir own words the definition of a turbine Give a list 
of the difleicnt types into which hydraulic and steam turbines may be 
conveniently classified. Stato clearly how, from one point of view, the 
Bloarn turbine fulfils the same functions as tbo reciprocating steam engine, 
whilst from another point of mow it acts like a water turbine. 

2 Sketch and describe any form of icneiion tuibinc. Give reasons why 
this Hiinio principle has not been successfully applied to steam turbines. 

3. Explain clearly the diflerenro between an lrnpulsivo hydraulic motor 
and an impulsive steam tmhirie Give a comparative pair of numerical 
examples similar to that in the lecture, but with water of 100 lbs pressure 
per square inch and steam of the same kinetic eneigy. 

4. Show by neat sketches tbo passage of steam along the conical 
nozzle and buckets of the Do Laval turbine. Why and to what angle is 
the interior of the steam noz/le made conical ? Why and to what angle 
is the nose of the nozzle cut after it has been bored and reamed ? 

5. Give in your own words a clear, diagrammatic explanation of the 
sudden changes in pressure and velocity of the steam in passing through 
the nozzles of the Do Laval turbine. Explain in conciso detail how the 
final formula for the kinetic energy of the steam leaving the noz/le iB 
arrived at, and show how tbo velocity of tbo outflowing steam is 
calculated. 

6 Suppose that 1 lb. of dry saturated steam of 1(K) lbs absolute pressure 
per square inch bo oxpandod adiabatieally m a Do Irfival noz/le dowlTto an 
absolute pressure of I lb. per square inch, and let the dryness fraction = ’76 
at the point of discharge horn the no/zlo upon the turbine buckets. Find 
the velocity with whreh the steam leaves tbo mouth or Section C of the 
conical nozzlo. Draw a corresponding diagram to Fig. 4, with a table to 
illustrate your answor, and let ^ inch represent 1 lb. pressure per square 
inch, as well as 1 cubic foot of volume per lb. of steam. 

7. Sketch and describe the usual arrangement of nozzle with shutting-off 
valvo. Stale any advantages or disadvantages winch you consider may he 
brought foivvaid in favour of or against tins method of regulating the 
steam supply to the turbine wheel. 

8. Illustrate by a numerical example, how you would arrive at the most 

efficient form of the buckets. Enumerate any drawbacks to the direct 
driving of machines by the De Laval turbine, and explain clearly how the 
speed of the wheel is reduced by gearing for driving dynamos, fans, or 
centrifugal pumps. * 

9. Plot out to a largo scale upon squared paper, the stresses in the 
material of a Do Laval turbmo wheel. Why are the larger sizes of wheels 
made solid without a hole through their eential boss? Give sections 
showing how the shaft is fixed to the boss in both large and small 
wheels. 

10. Describe the method of balancing the rotating parts of a turbine. 
Also, explain the phenomena known as the “critical speed” and the 
“settling of the wheel.” Give a formula by which tho “critical speed” 
or number of revolutions per minute of the wheel may ho calculated. 

11. Give detailed sketches of the several parts, with a complete index, 
for the De Laval Btearu turbine. 
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12. Give a longitudinal section and plan of a small De Laval steam 
turbine, with the necessary letters ana index to parts. Show how the 
moving parts are lubricated, and state whi*t alterations are required when 
you wish to exhaust into a condenser instead of into the atmosphere. 

13. Plot out on squared paper tjjio tabulated results of tests taken from 
a De Laval turbine (1st) when using superheated steam, (2nd) when using 
saturated steam as given in the table, p. lY>4 

14. Enumerate the various applications for which the De Laval turbinos 

ire specially adapted. • 


17 
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PARSONS, CURTIS, ANl) OTHER STEAM TURBINES. 

Contents. — Mathematical Explanation of How tho Heat Units, Work 
Done, and Change of Momentum are expressed for Ideal Steam 
Engines, with Special Reference to Steam Turbines— Heat Units 
winch should be Given Out per Lb. of Steam in an Ideal 
Engine when Exhausting into the Atmosphere — Heat Units which 
should bo Given Out per Lb. of Steam in an Ideal Engine by 
Expanding the Steam Adiabatically and Exhausting into a Condenser 
— Example I. — Continuous Expansion Steam Turbines — Parsons’ 
Steam Turbine — Tho Brush- Parsons Turbo Generator— Bearings — 
Relative Spaces Required for Parsons’ Turbino and Reciprocating 
Engines — Superheated Steam — Effect of Vacuum on tho Consumption 
of Steam — The Vacuum A ugmentor — Tests of [’arsons’ Turbines for 200, 
600, and 1,600 kw. Turbo Generators — Marine Turbines — General 
Description of the “ Turbima ” and her Engines -The Advantages of 
One Propeller on Each Shaft — Tuibinc-drucn Boats for Commercial 
Purposes — “King Edward ’’—Table of tho Oh ief Measurements of 
Recent Atlantic Liners— 1 The Cuitis Tm lunc — Genci al Description 
of a 500-k\\. Curtis Turbine- No/v.lcs and Buckets— Centrifugal 
Governor— Emergency Governor -Vertical Shaft, Footstep Beaiing 
and Oiling Arrangement — Bearings — Elhcie icy of Tm bines— 
Advantages and Chief Peatmen of Steam 'I’m bines — Notes on Other 
Steam Tin bines— Questions. 

Mathematical Explanation of How the Heat Units, Work Done, 
and Change of Momentum are expressed for Ideal Steam Engines, 
with Special Reference to Steam Turbines.*— Referring to the 
formula used in connection with the De Laval turbine, it will 
be interesting and instructive to examine more minutely, the 
ideal exchange of heat units for woik done by steam, and apply 
the same to continuous expansion turbines. 

Heat Units which should be given out per Lb of Steam in 
an Ideal Engine, when Exhausting into the Atmosphere.* — 
Neglecting the variation of the specific heat of water, the usual 
formula for the total heat wi steam, or totarl heat of evaporation 
as given in Lecture IX.. Vol. T., is as follows: — 

H = S +L. 

Or, H = (i° - 32°) + 966 - *7 (t° - 212°), 

i.e., H = 1,082-4 + -3 t° (from 32° F.). 

Where t 0 = the temperature in Fahrenheit degrees. 

For arithmetical convenience, the total heat of evaporation 
calculated from zero Fahrenheit will be got by adding 32 to 
1,082*4 as above. 


See footnote on next page. 
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Hence , H = 1,115 + -3£° ( from 0° Fah.). 


Now, taking the absolute 'temperature as r = (461 4 C Pah.), 
and adapting the above equation to this absolute temperature, 
we get — • 


Or, 

» 

»> 

11 


Hence , The Latent Heat 
in Steam , 

Or, The Total Heat in 
Steam , 


H 1,082-4 - 4 - -3 1\ 

L = (H - 8)- (1,082-4 1 32°). 

L - 1,082-1 i 82-C°+ -3t°. 

L - 1,1 15- -7 r. 

L = 1,115 - 7 (r — 46 1 ). 

L - 1,1 15- -7 r 1 322-7. 

L -= 1,438 -'lr ( from aha. zero of temp.). 
H — 1,438 + *3 r ( from abs. zero of temp.). 


Heat Units which should be given out per Lb. of Steam in 
an Ideal Engine by Expanding the Steam Adiabatically and then 
Exhausting into a Condenser.* — A formula will now be deduced 
from the lirst principles of thermodynamics, by which the heat 
units due in the shape of work done per l lb. of steam, may be 
easily calculated therefrom. It is understood, that this steam is 
of the same quality for which Regnault determined the latent 
heat, as shown above. , 

Let 1 lb. of water be heated from temperature «q to tempera- 
ture r 2 , and converted into steam at that temperature r 2 . The 
steam is now expanded adiabatically in the ideal engine until 
its temperature has fallen to the starting temperature r v 
Then, let it be wholly condensed while the temperature remains 
constant at tq. Heat is absorbed by the water at all temperatures 
between Tq and r 2 , and also the heat equivalent to the latent heat 
of steam is being absorbed at temperature r 2 , during the whole 
process of the formation of steam. Heat is neither taken in nor 
given out during the adiabatic expansion of the steam, but is 
given off at temperature during condensation. If a minute 
quantity of heat cfQ, be taken in by the water at any tempera- 
ture r (somewhere between iq and r 2 ), then the work obtainable 
from the steam due to that quantitv of heat is — 

d -Q( r - r i). 

r 

• Engineering students should study Taper No 2,306, “ Economy 
Trials of a Non-Condensing Steam Engine: Simple, Compound and Triple,” 
by Peter William Willans, M.Inst C E , in the Proceeding* of the fvdttu- 
tion of Civil Engineers, vols. xciii., xevi , and cxiv., where Mr. Willana, 
Dr. John Hopklnson, and others discuss the following and its effeots. 
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The heat absorbed in raising 1 lb. of water from r to (r + ci r) 
was dQ, and the work? to be obtained from it is, therefore — 

dQ(r - tq) 


Hence,, the work obtained from the heat, applied to raise the 
temperature of the water from r ] to r, is — 






r i) - r l log, ~ 2 . 


The heat absorbed in evaporating 1 lb. of water at tempera- 
ture r 2 , is already shown to he (1,4-18 - -7 r 2 ), and the work 
obtainable therefrom, by working to a lower temperature r 1? is 
therefore found by multiplying this quantity by the efficiency 
limit of the Carnot cycle, as shown in Lecture XT IT. 

Or, Work doin' as expressed in ) . 

heat units for the Latent = (1,438 - *7 r 2 ) ( — — r M. 
Heat of steam {only) ) s r, 2 / 

Therefore, taking r. 2 as the absolute temperature of the steam 
in "the steam-chest, and r l as tin 1 absolute condenser temperature 
in degrees Fahrenheit, the total heat units due from 1 lb. of 
saturated steam expanding adiabat ically is clearly the sum of 
the wotk done due to the Latent and Sensible Heats . 


Total IIo.lt : 


Lati nt lle.it 


Sensible Heat. 


BT.U. = (1,4.18- 7r J )( r ^) + {(r 1 *-r l )-r I lo g ,^J. 


Tt is worthy of notice, that this is not the maximum efficiency 
working between temperatures r 0 and r r To attain this, the 
steam must not he wholly condensed at temperature rq, but it 
must be so far condensed, that on compressing the steam 
adiabatically, it should be raised to precisely the temperature 
r 0 , when it was wholly condensed, but this is impracticable in 
the steam engine. 

A slight modification of the last formula based on the assump- 
tion, that when 1 lb. of water at temperature rq is raised in 
temperature to r 2 as water, it receives all its heat (r 2 - 7q) at the 

- 1 , may be written thus — 


■7 r. 


average temperature, 

RT.U. 

This equation is known as MacFarlane Cray’s formula, which 
ho deduced from Rankine’s ejele and a study of entropy dia- 


+ 1 

T t) \- T, 


Tl) }' 
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grams. It has been applied to the Willans <fe Robinson central 
falve engine, as well as to the Parsons strain turbine. The lion. 
Mr. C. A. Parsons says, “th&t he gets from 60 to 65 per cent, of 
the possible work done, as calculated by this formula, in his 
steam turbines.” It is applicable* to the previously-described 
De Laval turbine, and gives the velocities of the outflowing steam 
closer to those in the table of Lecture XV., thltfi by the 
formula and the* example in that lecturo. 

Example I. — Find the velocity of the steam issuing from 
the nozzle of the De Laval turbine, when the pressure of the 
entering steam is 215 lbs. per square inch absolute, expanding 
adiabatically and leaving the nozzle at a pressure of *93 lb. per 
square inch absolute by the previous formula. 

Looking up Table II. on the Properties of Saturated Steam, 
and Fig. 4 in the previous lectui e, we get the temperature of 
387 7° F. for steam at 215 lbs., and 100° F. for steam at '93 lb. 
absolute pressure per square inch. Using MacFarlane Gray’s 
formula, we obtain the total heat units, which is equivalent to 
the work done, as follows : — 


Total B.T, 




= {(•99+ -2) (287*7)} 

-- 1-19 x 287-7 

= 312 per lb. of steam between t x and i 


Referring to the previous part on the De Laval turbine, we get 
the formula for the velocity in feet per second of the steam as — 

V = 224 ,/H, - II.;, 
e = 224 V342, 

v = 224 x 18-49 = 4,142 feet per second. 


It will be noticed, that this result (4,142) agrees more closely 
with that given in the table just after Fig. 5 of Lecture XV. 
(viz., 4,127) than what was arrived at by using the other formula 
(viz , 4,076), but both are sufliciently near for practical purposes. 
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Continuous Expansion Steam Turbines In this type, the 

gradual change of momentum of tho fluid takes place, due to 9 
loss of pressure or potential in tlve steam as it flows from the 
inlet to the outlet of the turbine. The passage of the steam 
may either be parallel with#tho axis of the cylinder, in which 
case it is called a parallel- or axml-jlow turbine, as shown in Fig. 
1 ; or, it may pass radially towards and from the axis alternately, 
when it is termed a “ radial-Jlow” turbine. Id either case, the 
same weight of steam enters and leaves the motor per second, 
but the volume naturally increases whilst the temperatuie and 
pressure fall. The route followed by the steam through, and 
the mechanical action of, this motor are, however, not very 
difficult to understand, even in the latest compound condensing 
engines. 


Fixec 
Movin o 


Fixed 

Moving 


Blade 5 
Blade s 


Blade s 
Blades 


! I 1 


\ 


1 







Fig. l.— A ction of Steam on toe Blades of a Parsons’ Turbine. 


Parsons’ Steam Turbine. — Ever since 1881 the Hon. C. A. 
Parsons, F.P.S., has been continuously engaged in perfecting 
and applying his steam tuibine to tho running of dynamos, fans, 
pumps, and fast speed vessels of various kinds. Wo have only 
room for a general description of his compound condensing 
parallel-flow motor, as applied to the direct driving of electric 
generators and screw propellers. 

General Description of the Working Cylinders . — As will be 
seen from the accompanying Figs. 1, 2, and 3, this steam engine 
consists of a cylindrical case with rings of inwardly projecting 
guide blades, within which revolves a concentric shaft with rings 
of outwardly projecting blades. The blades of the cylinders 
nearly touch the shaft, and the blades on the shaft lie between 
those on the case and nearly touch the same. This annular 
•pace beitween the shaft and the case, is therefore fitted with 
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alternate rings of fixed and moving blades. Steam enters the 
Jeft-hand end of this annular space at A«(Fig. 3), from the boiler 
steam pipe S P, through khc stop valve S V, into the steam 
chest SC], through the safety governor equilibrium valve SGV, 
shown in the lelt-hand partitioned steam chest. The steam 
now flows into steam chest then through the double beat 

valve ])]> V, and down to the space A. From A, the steam passes 
to the right through a ring of fixed guide blades, by which it is 
projected in a rotational direction upon the succeeding ring of 



Fit; *J Portion oi< tuk Interior ok ihk Cimnuhi or a Pausonh’ 

CJoMl’OUNI) ’ll R 151 N K, SlIOWINO TUK JllOll, IntJCR.MEU] \TK, AND 
RhUINNIMi OF TUK Low -pRJ'>MJK]S Bl.ADKS 1’liO.JlCTJNlJ FROM T11K 
IS 11 A IT. *' 

moving blades, imparting to them a rotational force. Tt then 
passes through the succeeding ring of guide blades, and the reac- 
tion therefrom increases the rotational force. The same process 
takes place at each of the successive rings of guide and moving 
blades. The steam therefore expands gradually by small in- 
crements through each of the three sizes of cylinders which may 
be termed the high, intermediate, and the low-pressure cylinders 
HC, 10, and LC respectively, before it exhausts through E P a 
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into the air or into a condenser. In a moderate-sized turbo- 
motor there may be from thirty to eighty successive rings, and 
when the steam arrives at the Wasl ring the expansion has 
been completed. On the left side of the steam inlet at A, are 
the three dummy or balancing pistons, II 1’, I P, L P, which 
are fixed to and rotate with the shaft Each of these pistons 
corresponds in size to the part of the turbine it balances, and to 
which it is connected by a pipe. On their outfsides are grooves 
and ring 8 which project into corresponding grooves in the case. 
Ihe three balancing pistons HP, 1 P, and L P, and their pro- 
jecting rings are thus kept nearly touching each other, so as to 
make a practically tight joint. The object of these pistons is to 
steam balance the three working pistons in II 0, I C, and L 0, 
and thus relieve the end pressure on the thrust bearings. The 
thrust bearing TB, at the free end of the shaft can bo adjusted to 
regulate the amount of clearance between the pistons and the 
groo\ es. 

Functions of the Electric and Centrifugal Governors. — When 
this steam turbine is coupled direct to a continuous current 
dynamo, or generator supplying current for electric glow lamps, 
where it is very important to keep the voltage as constant as 
possible, whatever be the load or number of lamps in circuit, 
then the spi ed of the turbine is regulated by the electric 
governor EG (Fig. 3). But, if the centrifugal governor C G, be 
also fitted, it only acts as a safety or emergency governor to 
close the safety governor valve SG V. 

When the turbine is coupled direct to alternators, or large 
direct current generators, which have to be run in parallel with 
others for electric tramwajs, itc , it is very important to keep 
the speed constant. The turbine is then only fitted with two 
centrifugal governors — viz , the one for controlling purposes, 
whilst the other acts as a safety governor. 

General Description of Steam Admission and Regulation (see 
Figs. 3 to 5). —Suppose the main steam stop valve SV 
(Fig. 3), to be fully opened, and that the engine is coupled to a 
continuous current dynamo, and its speed regulated by the 
electric governor EG; then, if the voltage rises beyond the 
normal, E G pulls down the right-hand end of the long lever G L, 
whose fulcrum is at F, and raises the left-hand end of G L. 
This lever lifts a small relay plunger valve RP V, which allows 
the steam in the relay chamber RC to escape, and the relay 
^spring RS, above the relay piston RP, then partly closes the 
double beat valve DB V (Figs. 3 and 4). With this type of 
electric governor the speed rises as the load on the engine 
increases; whereas, with the centrifugal governor it falls slightly. 
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Fig. 5. — Outside Longitudinal View, showing the General Arrangement of a Parsons’ Steam 

Turbine for Driving Dynamos. 
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The steam which passes from SV, through DBV, gets into 
the circular admission chamber at A, arid acts upon the working 
and the balancing pistons Us previously described. 

Should the speed with the voltage be increased beyond the 
required limits, then the balls of ftie safety centrifugal governor 
OG, fly outwards and act on the horizontal rod to which the 
hand-lever H L, is attached. This rod, therefore, releases the 
trigger and allo'ws a weight to pull down the safety double beat 
valve S G V, and cut off steam entirely, until the plant is started 
up again afresh. 

Details from the Stop Valve to the Relay Piston (Figs. 3 to 
5). — Steam from the boiler is admitted by the steam pipe SP, 
and stop valve S V, to the steam chest S 0 r At first, the 
starting lever S L, is lifted (Fig 5 ), when the steam passes into the 
steam chest S C 2 , to the double-beat valve DBV. This valve is 
now lifted by the starting lever SL (Figs. 4, 5). It thereafter 
works automatically by the force of the steam under the 
relay piston R P, in the relay chamber R 0. The admission 
valve AV (Fig. 5), regulates the amount of steam to work 
the relay piston R P, and is usually about half a turn open. 
It should not be more unless the boiler pressure is low. 
The motion of the relay plunger valve R P V, is derived 
from the action of the cam C, on the cam lever CL. On the 
down stroke of R P V, it closes the exhaust port E Pj from 
chamber RC, so that when steam is turned on at the stop 
valve SV, the relay piston, actuated by the accumulation of 
steam under it, lifts the governor double-beat valve DBV, and 
admits steam to the engine. When the exhaust port EPj is 
open, the steam can escape into the atmosphere in a non-con- 
densing turbine or into the end glands in a condensing 
one, and the double-beat valve DBV, is then closed by the 
force of the relay spring R S, over the relay piston R P. 

To Waimi the Engine . — See that the safety governor valve 
SG V, is open. Always gradually warm the engine as far as the 
exhaust EP 2 , by slightly opening the main stop valve S V, and 
lifting the governor double-beat valve DBV, by th» starting 
lever S L, provided for that purpose. 

To Start the Engine . — Open the engine stop valve S V, a little 
more, and assist the relay piston R P, by the lever S L, to lift 
the double-beat valve DBV. Always allow the engine to run 
slowly until the oil is circulating freely, as shown by the small 
opening in the three-way cock, fitted to the oil pressure gauge 
0 P G (Figs. 3 and 5). 

Bearings and their Lubrication . — The bearings B t and B^, are 
lubricated under pressure by the oil pump 0 P. The lubricant 




Fig. 4. — Sectional Elevation 
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passes through the cooler in the oil reservoir 0 R, on its way to 
the bearings. Any good mineral oil of fair body, free from 
acid and gummy matter may bo used. The practice of running 
off 8 to 10 per cent, of the oil eac]i day from the drain at the 
bottom of the reservoir 0 R, and putting the same through 
a filter will greatly conduce to good results, prevent the 
accumulation o£ dirt, gummy deposit, water in the reservoir 
and oil pipes. When running, there should be 2 inches of oil 
shown by the oil gauge glass, and the bye-pass valve BP V, con- 
necting the feed pipe and the oil reservoir 0 R should be shut. 
Large machines are supplied with an auxiliary oil hand pump 
0 H P, as shown by Fig. 3, for the purpose of forcing the oil by 
the hand-lever H, into the bearings when starting the plant. 

Electric Governor. — The relay plunger valve R P V, in Fig.4, # is 
controlled by the action of the solenoid S, on its soft iron core I 0, 
and against the force of the governor spring G S, which is sup- 
ported by the holder at the end of the governor lever G L. The 
outlet from the relay chamber R C, is open, when the lever G L, 
is at the top and bottom positions of its range, and closed 
when in the middle position. The solenoid S, must always be 
permanently connected in series with a fixed and an adjustable 
rheostat, and the whole joined as a shunt across the main 
terminals of the dynamo. The dynamo field magnetising circuit 
must always be permanently connected to the dynamo terminals 
without switches or other apparatus, whereby the circuit could 
be broken. 

The Safety or Centrifugal Governor , in Figs. 3, 5, is adjusted to 
act at the desired revolutions per minute. It is a good custom 
to shut down a plant by the hand-lever H L, which disengages the 
trigger, and allows the safety governor double-beat valve SGV 
— between the governor and screw-down valves— to close, before 
closing the main stop valve S V. 

General Instructions for Adjusting the Governors (Figs. 3 
to 5). — See that the relay spring RS (Fig. 4), has sufficient 
compression to close the double-beat valve D BY with full 
steam pressure, when the governor lever G L iS in the 
lowest position of its range. If it does not do so, slack off the 
joint J, check nut ON, and increase the compression by the 
screwed sleeve S S. The compression is generally about J inch 
to inch. The left end of governor lever G L, which actuates 
the relay plunger valve RPV, is provided with a screw adjust- 
ment GSA. Its nut should be near the centre of its range 
when the governor lever G L, is in the best governing position. 

> * Fig. 4 was obtained by the kind permission of Mr. R. M. NeiUon, 
A.M.I.M.E., from his book on The Steam Turbine, , 
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The relay plunger valve RPV, should be examined occasion- 
ally when the engine *is first put to work; and, if necessary, 
cleaned witli fine emery cloth, but should not be made to leak. 
This valve should be free enough to fall with its own weight, 
and must not bind on the rbunded end of the governor lever. 
The governor lever dash-pot G P D, should be kept filled with 
paraffin oil, and the safety governor dash-pot SGDP (Fig. 
5), kept filled with water. * 

Condensing Type . — The exhaust steam from the relay cylinder 
RC, is led to the end glands EGj and EG 2 , of the turbine case 
to supply them with steam. -There are valves on each of the 
two pipes Pj and P 2 , leading to the end glands, one of which 
must be kept full open, and the other regulated to suit the gland 
steam supply. This is most important, for, if one gland valve 
be not full open, the relay cylinder will not act properly. 
Always keep a trace of steam blowing at the glands, or air is 
liable to pass into the condenser through them. 

Non-Condensing Type . — The exhaust steam from the relay 
cylinder RC, should be led away as free from obstruction as 
possible, to the atmosphere. The discharge valve D V, should 
be full open, and the pipe leading away from it quite free from 
obstruction. If steam should leak from the end glands EGj 
and EG 2 , then open the supplementary valve SpV in Fig. 5, 
which, supplies steam to the jet in the ejector E B, until the 
leakage ceases. 

When air and circulating pumps are drivep from the turbine 
engine shaft, the first “warming-up” of the engine should be 
discontinued as soon as the exhaust from E P 2 is warm, for 
otherwise the air pump will become heated, and, consequently, 
will act slowly. 

The Brush-Parsons Turbo- Generator.— As a supplement to the 
foregoing illustrations and descriptions we herewith reproduce 
an unlettered outside plate-view of this plant with a longitudinal 
section of the turbine and of its shaft with the pistons, in 
order that the student may test his understanding of the 
arrangem§nt. 

It will be observed from the outside view that the cylinder 
with its supports are cast in one piece. These are made of hard 
close-grained cast iron. The shaft, as well as its rotor, are made 
of solid forged steel, annealed and turned all over the outer sur- 
faces, as shown in Fig. 7. The blades are securely attached to 
this rotor and cylinder respectively. The blades for the high- 
pressure cylinder, which are naturally subjected to the effects of 
the superheated steam, are made of special material to withstand 
the action of high temperature steam. 



m • »' tikcrrtm^ xvi. ," n - • 

The bearings are of gunmetal fitted with cohdentrio tubes to 
allow of perfect alignment, as described u'nder Fig. 8. 

The oil pump, which supplies the continuous circulation of the 
lubricant under pressure lor these bearings, is driven by means 
of a worm and wheel direct from the* left-hand end of the turbine 
shaft, as seen in Fig. 6. 



Fig. 6. — Longitudinal Section of a Brush-Parsons Steam Turbine. 
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Fig. 7.— View showing Shaft and Blades of a Brush- Parsons 
Compound Turbine 

From Fig. C it will also be seen, that the steam as it flows 
from the steam pipe and stop valve on its way towards the 
working cylinders, first passes through a' double-beat equilibrium 
valve which is controlled by a centrifugal governor. This 
governor, however, only comes into action in the case of 
emergency. After the steam has passed the emergency valve, it 
is then admitted to the turbine through a separate valve, con* 
trolled by its own ball governor for regulating the admission of 
steam according to the loud, The clearance space between the 
bottom of this second valve and the high-pressure cylinder is &9 
small as possible, so that the effect of the throttling of the steam. 
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by the second governor, may be as “kittle” as possible, and thus 
regulate the r.p.m. within 5 per cenj. from full load to no load. 

The Brush Company guarantee in the larger sizes a consump- 
tion of 17 lbs. steam at ful 1 * load, 18 lbs. at J, 20 lbs. at and 
27 lbs. at J load per kw.-hour, with an initial piessure of 180 lbs. 
per square inch, a superheat of 175° F , and 27J inches vacuum. 



Bearings. — The bearings consist of a gunmetal or brass bush 
BB (Fig. 8), with oil ways 0 W, nut N, and steadying-pin 
S P. This bush is surrounded by several concentric brass or 
steel tfubes T 1} T 2 , T s , fitting loosely inside each other. The 
lubricant enters by oil holes 0 11, into the interstices between 
the tubes, in a very tlnn film, which has gi^at viscosity, and 
hence produces considerable resistance to rapid lateral displace- 
ment of the bearing bush. The film of oil also tends to centre 
the shaft in the bearing, and forms a cushion which effectually 
damps the vibrations arising from any errors of balance. This 
form of bearing is very durable, and is used for speeds over 
2,000 revolutions per minute; whereas, bearings lined with 
white metal are more suitable for slower speeds. 

Relative Spaces Required for Parsons’ Turbine and Reciprocating 
Engines.— r l'he accompanying Fig. 9, shows the relative spaces 
required for central electric station engines of these two main 
types. The vertical reciprocating engines in the background 
indicate up to 1,400 H.P., while the turbine in the foreground 
gives 1,500 kw., which is equivalent to an engine indicating 2,000 
H P.* The relative floor area occupied by the vertical engine 
plant and the turbine is 2 \ to 1. The vertical set takes about 
5 of a square foot per kw., whilst the turbine only requires ‘2 
of a square foot per kw. The respective heights for 3,000 H.P. 

* A kilowatt is 1,000 watts, with symbol kw., and 1 kilowatt = 1'34, 
or roughly 1& horse power. 
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by superheating the steam, ae> ounts in pait for the increased 
economy obtained by s*upei heat ing 

Effect of Vacuum on the Consumption of Steam. \ very high 
vacuum is of the gieatest lmimtmee m a turbine, since tho 
expansion of the steam can be e|]e< ted inside tin- t tirlune, right 
down to the \ acuum pi e^Mii < at t In- < nfianee to the condenser , 
whereas, this is not so advantageous m the case of reciprocating 
engines, for the following nasons The low-pressure cylinder 
would regime to be very large to deal \\ ith tlio enormous 
volumes ot steam, 1 esult i ng in much gtcatei cost, friction, and 
condensation. Also, the r< guned size of the exhaust ports, 
passage^, and valves would piesenb man\ dilhculties, and thus 
make the whole plant ver\ bulky, expensive, and, perhaps, less 
efficient. 

The following conditions are necessaiy for obtaining the best 
vacuum with tin bines •- 

The first point is to avoid all air leaks d ins is easily accom- 
plished in a turbine plant, as the only places where leakage of 
air is possible, are wheie the turbine xh.dt comes out ot the 
low-pressure eylmdei casing. Any leakage' of air there, may 
be rendered voiy small by paT'ng the glands with steam, so 
that the leakage is steam and not air. 

The second point is to haw a comb riser with sufficient cooling 
surface This may be attained by tlm most suitable arrange- 
nu it of the tubes, with ample spaces between them for the 
steam to pass and the proper velocity of -the cooling water 
through them. Also, a good supply ot tooling water with an 
elHcient means of cooling the lomiensed .team so as to keep 
the air-pump cool, and lull provision for extracting by the 
air-pump the small quantity ot air which must leak into the 
tu rbine. 

In tho tim'd place, the condenser should be piaeed stiaigbt 
underneath, and (dose to, the tm tune, so that tho drop in the 
vacuum may be as small as possible between them 

The following table shows the fllect of variation of vacuum 
on the (vmsumption of steam m the ease ot a 1,500 kw. set 
For smaller sizes the variation is not so maiked • — 

Vacuum Inr - SO Ins l>uiii<int in n ■ irn > oiisiiniptlon 


Inf lu s 

p‘T 1 IN 

26 

6 pei 

gs 

5 

27 

4 

2t> 

- H 

24 


22 

■ T 

16 

2 



By paying special attention to the above requirements, it has 
been found unnecessary to use a much larger condensing plant 
than lias hitherto been doin' for the same powi r with reciprocat- 
ing engines. In the ease of tin 1 most leemt condensers for 
steam turbines from 10 to 12 lbs of steam are condensed per 
square foot per hour; and at tin, rate of condensation, vacua of 
from 27*5 to 28 inches, with luiomefei at 30 inches, can be 
obtained at full load. The amount of cooling wafer generally 
allowed is about fifty times the lull-load steam consumption, 
which will increase the \aeumn under normal conditions by fioin 
to 1 inch over that obtained by the usual mb' of twenty-five 
to thirty times the amount of steam used 



Fio. 10.— Akiianokmknt of Parsons' Vac ucm Acomkntoe. 


The Vacuum Augmentor. — With iegaid to extracting the air, 
a great improvement has been effected by the leeently-mtroduced 
vacuum augmentor. In it, the an -pumps aie placed about 
3 feet below the bottom of the condenser From any convenient 
part of the condenser, pieferably near the bottom, a p,’pe is led 
to an auxiliary condenser, the size of which is about ^ the 
cooling surface of the main condenser. In a contracted poi tion 
of this pipe a small steam jot is placed, which acts in the same 
way as a steam exhaustor, or the jet m the tunnel of a loco- 
motive. It sucks nesrly all the residual air and vapour from 
the condenser and deliveis it to the an -pumps. A water seal is 
provided, as shown on Kig 10, to prevent the air and vapour 
returning to the condenser Thus, it there is a vacuum of 2f 5 
inches to 28 inches in the condenser, there may he only about 
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26 inches in the xvir-{)uni j>, winch need therefore only be of small 
size. The steam jet compresses the air and vapour from the 
condenser to about, halt its original volume. The small quantity 
oi steam from tlirn strain jet JTvlnch is only about 1^ per cent, of 
that used In the turlum .it lull load), together' with the air 
extracted, an* cooled down and condensed by the auxiliary con- 
denser, winch is generadv supplied with cooling* water m parallel 
with the mam cmidensei . In this connection it should be 
observed, (hat condensation in a condenser takes place much 
more rapidly and oJlmtuallv if the air is thoroughly extracted, 
than if thoie is much air piesent, as the air seems to form a 
blanket or non-conductor round the tubes and retards the steam 
gett mg to tin m. 

Tests of Faisons’ Turbines.— In order to give the student an 
ideaot the ellieieney ot these turbines when coupled direct to 
elcctnc genei dtoi s, thiee f|/es have been chosen — viz., 200, 500, 
and 1,500 1 cw respeeti vel\ . 



First , Test oj a TOO kw. Turbo ( Generator Jor Continuous 
Currents.— The several curves plotted on Fig. 11 were derived 
from tests taken at j|, full, and 25 per cent, over loads, with 
steam of 1 10 lbs boiler pie-sure. They show the pounds of 
steam used per hour, as well as the pounds of steam per kw - 
hour, without and with a veiy mild supeiheat of <3S b. at these 
loads. The student should study these curve-,, and thus be 
prepared to plot down tin* ie-ults enumerated m the two 
following tables, for the 500 and 1,500 kw. turbo-alternators. 
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Second , Test of a 600-Kw . Turbo - Alternator.— In this case the 
steam pressure was also 140 lb3. by the boiler gauge, but no 
superheat was applied. 

The tests were specially made, to show the effects of the 
vacuum on thb consumption of steam. In the following table we 
have full load, half load, quarter load, and no load steam con- 
sumption per kw v -hour for every inch of vacuum from 22 inches 
to 28 inches. At 28 inches vacuum the full load consumption is 
only 22*2 lbs. per kw.-hour, and with the same load but A 
22-inch vacuum the consumption is 28 9 lbs., or an increase of 
31 per cent. At quarter load with 28 inches vacuum the con- 
sumption is 32*4 lbs., and with 22 inches vacuum 46 3 lbs., or an 
increase of 43 per cent. These figures prove, conclusively, the 
enormous gain obtainable by having a good vacuum. It is calcu- 
lated that on full load there is a gain of at least 4 per cent, in 
steam consumption for every extra inch above 25 inches, and on 
lighter loads the gain is still greater with this size and type 
of plant. 


Steam Consumption of a 500 - Kw . Parsons’ Turbo - Alternator 
RUNNING AT 2,500 REVOLUTIONS PER MlNUTK WITH 140 Lbs. STEAM 
Pressure at the Stop Valve, and no Supehhi at. 


Vacuum Constant 
from Full Load 
to No Load. 

• 

Steam Consumption per Kw.-hour without Superheat. 

Inches of Mercury. 

Full Load 

* 

1 

No Load. 

29 




1,500 

28 

22*2 

25*6 

32*4 

1,700 

27 

23*1 

26 9 

34*5 

1,900 

26 

24*0 

28*2 

36 -G 

2,100 

25 

25*1 

29 7 

39*0 

2,300 

24 

26 '2 

31 *2 

41*2 

2,500 

23 

27*5 

32*9 

44 '8 

2,700 

22 

28*9 

34-7 

46*3 

2,900 

« 


Third , Test of a 1 ,500- Kw. Turbo- Alternator . — In the following 
table and Fig. 12 are given results and curves of a test on a 
1,500-kw. plant for the Sheffield Electric Light Central Station. 
These show the consumption of steam under varying loads, with 
and without the vacuum augmentor. The steam used by the 
augmentor is included, and amounted to 450 lbs. per hour. The 
difference in vacuum is also shown, and when it is remembered 
that the augmentor jet only took about 1J per cent, of the full- 
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load steam consumption, it is easily seen from the gain of vacuum 
where the total gain cftmes in by the use of the vacuum aug- 
mentor. In this case the vacuum wias not as good as it should 
have been, as the cooling water was 85° F., and was only about 
thirty times the weight of stg&in used at full load. , 

St i a m Consumption of a 1,500-Kw. Parsons’ Turbo-Alternator with 
Vacuum Auomintor • 


Pressure in Lbs 
per Sq. Inch 
above 

Atmosphere. 

Superheat 
in D( 'giees 
Fahr. 

Vacuum 

Inches 

Revs per 
Minute. 

Load m 
Kw, 

Lbs of 
Steam used 
per Hour 

Lbs of 
Steam 
used per 
Kw hour 

113*6 

108-3 

26-69 

1,455 

1,316-5 

24,732 

18-76 

1116 

156-4 

27 12 

1,500 

1,061-6 

19.S30 

18-66 

141 

113 

27-72 

1,500 

512 7 

11,425 

22 3 

154 

47 5 

27 72 

1,500 


3.128 


Without Vacuum Aucimentor 

115-6 

143 

2.V18 

1,500 

1,029 3 

21,264 

20 7 

137 

119 

25-97 

1,500 

534-25 

12,820 

24 02 

150-3 

72-4 

26-62 

1,500 


2,957 4 



ir 


In all the above tests the barometer is taken as 30 inches. 



Fig. 12. — Plotted Results of Tests of a 1 500 Kw Parsons’ Turbo- 
Alternator to show the Effect of the Vacuum A uo men tor. 


ui Inches of Mercury 
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Marine Turbines. 4 — In January, 1894, Mr. Parsons formed a 
separate company for the purpose of developing his turbine for 
marine propulsion. The company set about building a boat of 
practical size at Wallsend-on-Tyne, and the first preliminary 
trial of it was made on November* 14, 1894. It was this same 
yacht, “Turbinia,” which created so much astonishment and 
excitement, by steaming in and out amongst the men-of-war at 
the Jubihe Naval Review in 1897, at the then extraordinary 
speed of 34 knots. 

To give the student a good general idea of this interesting, 
instructive, and successful application, wo cannot do better than 
reproduce here some of the figures specially presented for this 
book by the “ Parsons’ Marino Steam Turbine Company, ” to- 
gether with a short abstract from Prof. Ewing’s report upon the 
vessel. 

General Description of the “Turbinia” and her Engines. f-— 
The “ Turbinia” is 100 feet in length, of 9 feet beam, and had a displace- 
ment under the trial conditions ol about 44^ tons. 8he has three screw 
shafts, each of which is directly driven by one of Parsons’ steam turbines. 
The turbines are of the parallel flow type, the general courso of the steam 
through them being parallel to the axis of rotation. In each of the three 
turbines steam enters at the forward end, and streams aft through an 
annular space formed between the outside of a cylindrical boss, which is 
carried by the shaft, and the inside of a corresponding cylindrical casing, 
in which the turbine is enclosed. • 

Tho three turbines form a compound series. Steam being first admitted 
to the turbine E, on the starboard side, it passes then to the turbine G, 
on the port side, and lastly, to the low-pressure turbine I, which is 
placed amidships. Tho speed is controlled by a regulator valve D, on the 
admission pipe to the high-pressure tuibme E. When lunnmg at full 
power the admission pressure is about 155 lbs by gauge, or 170 lbs. abso- 
lute, and this was reduced by expansion in the turbine to about 1 lb. per 
square inch before the steam was discharged to the condensers, L. The 
position of the turbines and the general arrangement of the machinery are 
shown in the accompanying figures. The full-pago illustration (Fig. 13) 
shows a midship section of tho boat from the after end of the boiler to the 
stern, also a corresponding sectional plan. The loft-hand view (Fig. 14) 
is a transverse section through the forward end of the engine-room, looking 
aft. The right-hand view (Fig. 15) is a section showing the high-pressure, 
intermediate, and low-pressure turbines. The left-hand view (Fig. 1G) is 
a transverse section through the forward stokehold. The right-hand 
view (Fig. 17) is a section at the after end of the vessel showing the 
propellers. 


* See “ The Steam Turbine and its Application to the Propulsion of 
Vessels,” by The Hon. C. H. Parsons, M.A., F. R.S., Proc. I.N.A . , 1903. 

t In tho full-page illustration (Fig. 13) it was found necessary to bring 
the boiler A, closer to the engines than in the actual boat, and to show 
the steam pipe C as eut in order to illustrate theso parts within the limits 
of the page — A, J. 
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From tho low-pressure turbine I, steam is taken by a large exhaust pipe 
K, of unusual shape and cross area to a pair ‘of cylindrical surface con* 
densera L, with a total cooling surface of 4,200 square feet, through the 
tubes of which a circulation of sea water is kept up by means of hinged 
scoops projecting from tho sides of thg boat. The scoops may be set to 
make water enter at either side and pass out at the other, so that any 



Fio. 14 .— Transverse Section 

THROUGH THE FORWARD END 

of the Engine - Room 
(Looking Aft). 



Fig. 15.— Cross Sectional View, 
showing the High, Inter- 
mediate and Low - Pressure 
Turbines (Looking Aft). 



Fig. 16. — Transverse Section 
through the Forward Stoke- 
hold, showing the Boiler. 



Fig 17.— View at the After 
End of the Vessel, show- 
ing the Propellers. 


obstruction of the tubes (which are ^-inch internal diameter) to the flow 
may be cleared by reversing the direction of the Btream. The air-pump 
It, is a 8 mall reciprocating pump, which appears in the plan on the port 
side. It is driven by gearing from the Bcrew shaft of turbine G. 

The turbine shafts slope down towards the stern, the middle shaft with 
an inclination of about 1 in 16, and the two side shafts with an inclination 
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of about 1 in 8$. Their diameter is 2lj inches. There are three propellers 
on each shaft, making nine in all, which are distributed as shown in the 
plan. The screws are 18 inches in diameter and 2 feet in pitch. When 
running at full speed they make about 2,200 revolutions per minute. 

The middle shaft projects forviard through the low-pressure turbine 1, 
and has mounted on it a fan S, for forcing tho draught. Air is delivered 
by this fan into the after stokehold, and passes to tho forward stokehold, 
round the sides of the boiler A The air pressure at full speed is about 7 
inches by water gauge. The boiler A, is a double ei/iicd one, and has a 
heating surface of 1,100 square feet and 42 square feet of grate surface; 
is of the straight tube type, the tubes being £ inch internal diameter and 
iV inch thickness ; two return water tubes oi 7-inch diameter at each end 
connect the top drum with the water pockets. The diameter of the top 
drum is 34 inches, and sufficient to enable a tube to be drawn and replaced 
by a workman in the top drum. Steam is supplied at the working 
pressure of 210 lbs. by gauge through the stop valve 13, steam pipe C, ana 
regulator valve D, to the high-pressure turbine E. 

The auxiliary machinery consists, in addition to th^air pump, of a small 
spare air pump, small circulating pump for use when tho scoops are not 
available, main and spare feed pumps, bilge ejector, and oil pump for 
maintaining a circulation of oil through tho healings of the turbine shafts 
and through the thrust blocks. Tho total weight of the turbine engines 
is 3 tons 13 cwts. 

For the purpose of reversing tho motion, a separate turbine 0, is pro- 
vided between the low-pressure turbine I, and the lan 8. When tho boat 
is going ahead, this reversing turbine 0, being permanently mounted on 
the central propeller shaft, will revolve, but its casing will be kept con- 
nected to the condensers, and the amount of work spent in turning the 
turbirA shaft will be insignificant. 

The mechanical friction of the turbines is particularly small, and the 
work spent on friction is not materially increased by increasing the range 
of expansion. This allows tho steam to bo profitably expanded much 
farther than would be useful or evon practicable in an engine of tho 
ordinary kind. Apart from questions of friction, the addition of weight 
and bulk to allow for this extended expansion would be enormous in the 
ordinary engine. In the turbine it is very moderate. Steam is oxpanded 
nearly two hundredfold in the “Turbinia,” and this is accomplished with 
engines which are much lighter than reciprocating engines of the same 
power, although in these the expansion would be much less complete. 
Taking the propulsive coefficient as *5, then tho steam in the full-power 
trials was doing work in the turbines at tho rate of about 2,100 H.P., and 
the Consumption of the steam was baroly 14^ lbs. per H.P.-hour. 

The Advantages of One Propeller on Each Shaft. — In May, 
1902, trials were made with only one propeller on each propeller- 
shaft, instead of the three which had been originally fitted to 
each shaft. These propellers were each 28 inches diameter and 
28 inches pitch. The results of the single propellers show the 
greatest advantage at about 21 knots, where the gain in speed 
over the former arrangement amounted to 2 knots. The loss of 
efficiency which had been observed at certain speeds in some 
vessels fitted with tandem propellers on each shaft, seems to be 
due to “ interference n in the proper flow of the water. 
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Turbine • driven Boats for Commercial Purposes — “ King 
Edward.” 

History, Sizes, Turbines, and "Propellers. — Tho first passenger vessel to 
be propelled by steam turbines was the “King Edward.” This boat was 
built in the spring of 1901 by Messrs. W. Denny & Bros., of Dumbarton, 
and engined by the Parsons Marino Steam Turbine Company, Ltd., to the 
order of Captain John Williamson, of (Glasgow. The length is 250 feet, 
the beam 30 feet, \vith about 6 feet draught of water. The turbines are 
similar in construction to those of the “ Turbinia,” and consist of three 
turbines viz., one high pressure driving tho centre shaft and two of low 
pressure working in parallel for driving the side shafts. In the exhaust 
casing common to the low-pressure turbines is placed the reversing turbine. 
On the centre shaft there is one propeller of 57 inches diameter, and on 
each of the side Rhafts are two propellers of 40 inches diameter at about 
9 feet apart 



Eiu. 18. — S.Y. “ Turuinta ” at^ull dPEt n. 

vah°J^ Ooim, Astern . — When the main slop 

When it s . h ,° 1 "S h 'P rcssu, ' e turbme, all tho turbines go ahead! 

then tht Lnt™f 1 ‘ I - Urn or n } anu!uvr ® hho vessel by aid of tho propellers, 
be Emitted ahi! t rb l' ne a 'J d i ItS P ro r elior remain idle, but steam may 
turWnes^r?^ .n y a "l dlr r, tl y "'to either of tho side low-pressure 
time wX ~ bCr ° f th ° sldo turbines 8° in ? ahead - at the same 
Sr«™™ th . k® rsm ? ° r . astern -going one. When merely going astern. 

th A^in^u T Y° a °" e */ Tl! l0yed - whll3t the others idle® 
MmdtZ? and Bo,/ f- rho auxiliary machinery is of the 

minim.™’ J a , 8 n0 s P® cla , 1 mention, beyond stating that the air 

5’he P boilerT' k f d « y WOrn l"' h r U fr °k m the l0w -pressure turbine shafts, 
ane DOiler is of the usual return-tube and double-ended tvue with a 
Working steam pressure of 150 lbs. per square inch. 1 & 





The 500 K W Curtis Steam Turbo-Generator. 

Made by THE BRITISH THOMSON-HOUSTON CO, LTD, Rugby. 
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Trial and Speed . — The trial of the “ King Edward” was made on June 
26, 1901, in the Clyde, along the Skelmorlie mile, when a mean speed of 
20 48 knots was recorded, the revolutions of the centre shaft being 505, 
and the side shafts 755. 

Power and Goal Consumption. —The indicated horse power was estimated 
to be 3,500 from model experiments in the tank at Dumbarton. Tho 
average sea speed on tho run of about 1G0 miles to Campboltown and 
back in the 1901 season was 19 knots, and tho average coal consumption, 
including lighting up, &c , was 18 tons per day, or 1 8 lbs. per equivalent 
indicated horse-power-hour. 


The Curtis Turbine. — Tins turbine was first made by Mr. C. 
Q. Curtis, of New York, in 1896. It is manufactured by the 
General Electric Co., U.S.A., as well as by the British Thomson- 
Houston Co., of Rugby, to whom and to The Tramway and 
Railway World, of London, we are indebted for the following 
illustrations and data. As will be seen from the accompanying 
Plate, showing the outside view, and Fig. 19, this turbine differs 
in outward form from the previous kinds. The dynamo is 
placed immediately over the turbine, and thus the whole 
makes a very compact plant by occupying a minimum of floor 
space. It avoids the very high speeds of the De Laval and 
does not possess the very great number of vanes of the Parsons 
turbine. The torque is a maximum when the turbine wheel is 
at a standstill, and would become zero if the velocity of the 
periphery could attain the velocity of the steam jets. Hence, a 
maximum output as well as the best economy are obtained when 
the torque is one-half the maximum, where the velocity of the 
periphery is about one-half the natural velocity of the steam. 
It was shown in the description of the De Laval turbine, that 
1 lb. of dry saturated steam, when expanding from a pressure of 
175 lbs. absolute down to atmospheric pressure, acquires a 
velocity of about 2,900 feet per second ; whereas, if we carry 
this expansion down to 1 lb. absolute, then the steam acquires a 
velocity of about 4,000 feet per second. 

\W 

Now, since the kinetic energy, E K = -x — , we get, in the first 

A 9 

case, 130,590 foot-lbs. per lb. of steam used, and, in the second 
case, 248,447 foot-lbs. per lb. of steam ; from which, it will be 
seen, that only about one-half of the available energy of the 
steam is usefully applied when expanding down to atmospheric 
pressure. But 1 kw.-hour is equal to 2,660,000 foot-lbs. 
Therefore, by calculation, for the second case (where the steam 
expands to 1 lb. absolute) only about 10| lbs. of steam are 
required per kw.-hour. Consequently, if the turbine actually 
requires 20 lbs. of steam per kw.-hour with a 28-inch vacuum, 
whilst running under the latter conditions, we obtain 53 per 
cent, of the available energy in the steam as useful work. 
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From actual tost, recently made of a 500 k\v. Curtis* tur- 
bine at Cork, it was found that the steam consuinpt was 20 ,> lbs. 
per k w -hour, using steam at'1-00 lbs. per square inch, superheated 
100° F. and with a 27-inch vacuum. But, when the vacuum was 
improved to inches, and the superheat raised to 150° F., the 
steam consumpt (ell to 19 lbs per kw.-hour, which is equivalent 
to 14 lbs of steam per H.F. hour. 
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Fig. 20.— Di\gram of Nozzles and Buckets in the 
Curtis Steam Trim in is. 

General Description of a 500 Kw. Curtis Turbine.— The 500- kw. 
turbine (Figs. 19 and 20) has three wheels or rows of movable buckots 
in each of the two stages of the steam expansion. Each wheel consists 
of a solid steel disc with the buckets cut from tho solid iim, and tho 
three wheels aro bolted to a common hub which tits the shaft. The 
total number of buckets on the wheels in this turbine is only 1,39), 
which is but a small number coinparod with that of a Parsons tm bme 
giving the same output. 
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The stationary buckets h^vo approximately the same shnpe as the wheel 
buckets, and are fixed to the easing of the turbine The number of 
stationary buckets is dependent on the nuiftber of nozzles in the stage, as 
they need only cover the same periphery of the wheels as the nozzles. 

On account of the large increase in volumo of the steam and to keop the 
depth of the buckets as small as possible, the wheels m the last stage of 
expansion aro completely suiioumled by nozzles and stationary buckets. 

In the most recent designs of this turbine, the construction of tho wheels 
has been slightly modified from that indicated above.* Instead of using 
separate discs bolted together, a single cast-steel wheel is used with tho 
bucket rings or segments bolted to the sides at the periphery of the wheel. 

Nozzles and Buckets.— Nteam is admitted through a number of 
nozzles which aro slightly conual In tlieso nozzles the steam partially 
expands and acquires a velocity of about 2,000 feet per second in a four- 
stage tmbino, thus comertmg pait of its potential energy into kinotio 
energy duo to its expansion After leaving the nozzles, tho steam passes 
successively thiough two or moio lines of buckets, as shown by Fig. 20. 
Steam is directed against the fiisf set of movable buckets, and then re- 
directed against the second moving set of buckets by passing through the 
first set of the fixed buckets, ami so on, until it enters the next stago, 
where the sarao sequence of events take place, until tho steam is finally 
brought to rest m the condenser. 

13y tins means a high steam velocity is made to efficiently impart motion 
to a comparatively slow-moving wheel 

'Ihonozzlo is generally made up of many sections or units adjacent to 
each other, so that tho steam passes to the buckets in a broad sheet when 
all the sections are open 

This pioccssof expansion in the nozzle, and subsequent abstraction of the 
velocity ef the steam by successive impacts of giadually diminishing force 
upon tho buckets is repeated two or mote timos, each such complete 
repel. Lion being designated as a stago Theio aro various numbers of 
stages uid vanous numbers of lines of buckets in each stage. The number 
of stages and tho nuinbei of lines of buckets in each stage are governed by 
the degreo of expansion, the desuahle or practicable peripheral volocrty of 
tho buckets, and by various conditions of mechanical expediency. 

A steam-tight diaphragm is placed between each stage Tho only outlet 
for the steam to pass into the next stage is through the nozzles m the said 
diaphragm. 

The leakages in the buckets are, therefore, not total losses except til tho 
last stage, since tho steam has to pass thiough tho nozzles in the succeeding 
diaphragm and thus do still further work. 

Clearance, between Stationary and Rotating Bladen . — The clearances 
between stationary and rotating parts vary from 02 inch in the small to 
•08 inch m tlio 5,000 kw. turbine. These are tho clearances between 
the outer shtouding of the buckets and tho rings of metal from which the 
buckets aie cut. The buckets are made a little narrower than the rings 
from which they are cut, so that they should not come into contact with 
each other, even if tho rings touch each other. 

The adjustment of the clearance is made by means of the heavy screw 
bolt shown at the bottom of the step bearing, which supports the footstep 
blocks (Fig. 19). Inspection holes aro provided in the casing, so that the 
clearances between the buckets may bo observed from time to time. 

Centrifugal Governor.— The governor is of tho centrifugal spring 
loaded type, and is generally set for a speed regulation of 2 per cent, 
between full and no load, with a maximum momentary variation of 4 per 
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cent. For the purpose of synchronising, and to make the turbine take it* 
proportional share of the load, a supplementary spring is introduced, 
which acts in conjunction with the main governor spring, and allows the 
speed of the turbine to be varied 2^ per cent on each side of the normal 
speed. 

In the smaller turbines, this adjustment is made by a hand- wheel placed 
in a convenient position near to the main throttle valve. In the larger 
turbines, from 1,500 kw. and upwards, a small motor actuates this spring. 
The motor is controlled by a double pole, double throw switch, placed on 
the switchboard, or at any other convenient position. The centrifugal 
governor, which is situated at the extreme top of the vertical shaft, 
operates a controller for opening or closing the electrical circuits of the 
magnets, which actuate the pilot valves. These pilot valves in turn admit 
or exhaust steam from the spaoes behind the pistons of the main valves, one 
of which is provided for each nozzle or group of nozzles. The governor 
thus opens and closes these valves, and varies the number of nozzles in 
service in proportion to the load. Since each nozzle represents a com- 
paratively large proportion of the whole power at light loads, one of these 
valves would be called upon to open and close alternately in rapid succes- 
sion, in ordor to hold the speed constant. To avoid this, a balanced throttle 
valve is placed m series in the steam path of the first valve and correspond- 
ing nozzle, and so connected to the centrifugal governor that it must bo 
fully opened beforo the governor can open the next valve, and again fully 
closed before the controller moves backwards and closes the valve last 
opened. The result is, that the turbine can run at a constant speed on any 
load, although only a small portion of the steam will bo throttled. Thus, 
the following disadvantages are avoided : — (1) Admitting steam to the 
buckets in puffs, for those puffs tend to create a variation in speed at 
light loads, and to make the parallel running of the generators difficult j 
and (2) of throttling the whole steam flow. 

The nozzles in the later stages are also, in some of the turbines, opened 
and closed by the governor so as to maintain an adjustment of pressure* 
proportional to that of the first stage, and thus still further tend to steady 
running, under wide and quick ranges of load. 

A sufficient number of nozzles are provided in the first stage to run the 
turbine non-condensing at full load. Hence the turbine has an overload 
output of about 100 per cent, when condensing with a 28-inch vacuum. 

Emergency Governor, — In addition to the speed regulating governor, 
an emergency governor is provided, whose function iB to trip a trigger, 
should the speed of the turbine increase 15 per cent, above the normal 
The tripping action permits a weight to fall and give a hammer blow 
instantaneously to a buttorfly or damper valve in the main steam pipe, 
thus closing the valve. This emergency governor is located on the shaft 
between the turbine and the generator, and consists of an ordinary centri- 
fugal device balanced against a spring. The governor automatically return* 
itself to normal position when the speed is reduced, so that it is not 
necessary to stop the turbine, but the butterfly valve and weight must be 
brought to their starting position by hand. Such a precautionary device 
is rarely brought into action, but experience with large engines has shown 
it to be desirable. 

Vertical Shaft, Footstep Bearing and Oiling Arraneement.- 

One of the most noticeable features in the Curtis turbine is the vertical 
shaft. This type of construction has been adopted for all sizes from 
500 kw. upwards. 4 

The use of a vertical shaft necessitates a footstep bearing, which is nxed 




Fig. 21.— Showing Comparative Sizes of a 5,000-Kw 75-revolution3- 
per-minutk Corliss Kngink with Cevkkator, and of a 5,000-Kw. 
500-REVOLUT1ON9-PER-MINUTK CURTIS TUKUIMC WITH CenKKATOR. 


footstep bearing the oil passes upwards, and lubricates the guide bearing 
which is placed immediately above it. The oil is forced between the plates 
by a pressure pump, designed to give approximately a constant pressure 
and a constant flow.* The pressure required depends upon the weight of 
the rotating part and the area of the bearing blocks, and in a small degree 
upon the temperature of the oil. The side thrust of the steam jet on the 


* See the author’s Text-Book of Applied Mechanics and Mechanical 
Engineering , vol. i., Lecture VI. f “Methods of Lubricating Footstep 
Bearings,” &o. 
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buckets is not noticeable, as the oil pressure required is exactly the same, 
whother the turbine is standing still or rotatirfg. The oil pressure in the 
step bearing, varies from 175 lbs. per square inch in the 5U0-kw. to about 
900 lbs. per square inch in the 5,000-kw. turbine. Experiments have 
demonstrated, that the safe minimum amount of oil required lor the bearings, 
is from half-a-gallon for the 500-kw. (o four gallons per minute for the 
5,000-kw. turbine. A small amount of tins oil is shunted through, a resist- 
ance, and delivered to a tank placed above the levol of the turbine The 
oil flows by gravity from this tank to the upper and middle bearings, and 
a sight-feed is introduced for each branch The oil from all three bearings 
is returned to one common tank, where it is strained and cooled before 
being again put in circulation. 

To prevent the turbine being run either by steam or through the 
generator acting as a motor before oil begins to flow in the step bearing, or, 
in case the flow should cease while the turbine is working, an automatic 
oil flow switch is placed in the high-pressure oil supply pipe. Tins switch 
is actuated by the oil pressuro. It opens and closes the electric circuit for 
the valve magnets, in response to tho change of pleasures in tho pipe. If 
the flow of oil in the bearing falls below the pre determined quantity or 
pressure, the switch opens tho valve circuit, and all tho valves close, and 
thereby immediately shut off the steam from tho turbine When the 
switch opens, a special relay is closed, which trips the generator circuit- 
breaker' and prevents tho generator from running as a motor and driving 
the turbine. 

Bearing'S.— Tbe upper and middle bearings of tho vertical shaft have no 
load to carry save that duo to want of balance, and to any unbalanced 
magnetic pull in tho generator. All the bearings can be taken out without 
disturbing tho turbine or gcneratoi. The footstep blocks and tho guide 
bearing are lowered into the pit below, the middle beating is split nj halves, 
and can be removed sideways, whilst the upper bearing is lifted out. As 
the step bearing works under atmospheric pressuie, it is necessary to 
provide packing rings round tbe shaft at this point, to prevent air entering 
the exhaust base when tho tinbmo is working under a vacuum, or steam 
escaping, when the pressure of the steam within tho turbine shell is higher 
than the atmospheiic pressure lor the same icason packing is provided 
whore the upper end of the shaft passes through the turbine cover. 

It will thus be seen that special attention lias been given by the designers 
of this turbine to ensure the sweet, uniform, continuous working of every 
part of this prime motor. 

Efficiency Of Turbines.*— It is essential that the wotd efficiency 
should be clearly defined, in order to avoid any misconception as to the figures 
which are given below Prof Bateau uses the expression, “theoretical 
consumption of the perfect machine,” to denote the maximum work which 
the steam is capable of supplying when starting from tho saturated or 
superheated condition m which this steam is delivered to tho engine, and 
expanding adiabatically, with no loss of admission pressure P, to oxhaust 
pressure/). By comparing tho actual consumption of steam as measured 
during tho tests of the machine with this theoretical consumption of the 


* Prof. A. Rateau, of Paris, in his 1904 paper at the Chicago joint 
meeting of the A.S.M.E. and I. M.E , of London, stated tho above formula?, 
to which the author has added a few remai ks about the value of tho French 
H.P. Students should try how far the formula for steam consumpt in 
British H.P. agrees with those previously given in this lecture. 
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perfect machine for identic^ conditions of pressure and similar states of 
the steam, the not efficiency of the machino is obtained. After special 
study of the question, Pi of. Rateau has ‘been able to draw a curvo of 
theoretical consumption and to derno from it the following empirical 
formula for use when the steam is Saturated and diy at admission : — 

cu , A 0 95 - 0 912 log P 

bteam consumpt = 0 bo + , — . . 

log I - log p 

This formula gives the consumption in kilogrammes per H.P. -hour as 
a function of the absolute piessures P and />, expressed in kilogrammes 
pm square cm. The If P. lieio used is the Ficncli “Force de Cheval” — 
75 kg. m/s, or 7 5 kilogi amine-metres per second = watts = 542’48 ft. -lbs. 
per second = ‘986.'{ Bntish horse-power. 

In British measures this formula becomes — 


Steam consumpt = 2*13 + 


lb 20 - 2 05 log P 
log P - log p y 


wlieio the steam consumption is m lbs per H.P. -hour, with P and p in lbs. 
per square inch If the steam admitted to the turbines is superheated, 
then, of course, in estimating the thooietieal consumption, the extra 
calorific onergy, couospondmg to the superheat, must bo takon into 
account. 


Advantages and Chief Features of Steam Turbines. 

1. No cylinder lubrication is requited, and no “travelling 
oil cans*' are necessary. Consequently, as the condensed steam 
is peifectly clean and free from oil, it can be pumped back into 
the boner without any purification, thus saving the costly 
oil separating plant, winch is usually fitted to large installations 
for putifying purposes. 

2. The reciprocating engine is now very nearly as perfect as 
it is likely to be, both from a mechanical and thermal point of 
view. 

3. The dryest and highest practicable pressure of steam, with 
any amount of superheat, may bo used if clearance and proper 
material to withstand eiosion be adopted in the construction of 
the turbine. 

4. They^ise no more steam than the highest grade recipro- 
cating engine. 

5. The expansion of the steam can be carried to its extreme 
limit much more conveniently in turbines than in reciprocating 
engines. 

<> As there are no reciprocating motions inside the turbine, 
all vibrations and noise aie minimised. 

7. On account ot the practical absence of vibration, neither 
special foundations nor holding down bolts are required. 

8. Overloading can be indulged in to a large extent. 
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9 . They give a uniform turning momtent. 

10. Being the simplest form of engine, they require consider- 
ably less attendance and occupy one-lifth to one-tenth the cubic 
space of a reciprocating engine. 1 

11. Steam turbines should be cheaper to build than recipro- 
cating steam engines of equal horse-power. 

12. Owing ho their capability ot producing great power at 
high speed, steam turbines coupled direct to ventilators and 
centrifugal pumps exhibit very good results. 



QUESTIONS. 
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LhcrruK \VI - *V l i ,s tions. 

1. Deduce in full detail from* the first principles of thermodynamics a 
formula, whereby the heat units due in the shape of \sork done by each lb. 
of steam may be accurately calculated. Then, make any permissible 
modifications upon your formula in order to simplify it for easier computa- 
tion, and state clearly the assumptions upon which* your modifications 
are based. Test your formula by ascertaining the velocity and kinetic 
energy per lb. of dry steam entering a De Laval nozzle at 115 lbs absolute, 
and leaving the wheel under a 25 and a 28-inch vacuum. 

2. Find the velocity of the Bteam issuing from the conical nozzle of a 
De Laval turbine when the initial pressure of dry steam is 160 lbs. per 
square inch by gauge, and when it expands adiabatically in tho nozzle and 
leaves it at a pressure of 2‘4 lbs. per square inch. First use tho formula 
given in the previous lecture, and then MacFarlane Gray’s formula in this 
lecture, for finding the velocity of the steam. State tho differences in 
your calculated results as a + or - percentage error from that found on 
page 214 in tho previous lecture. 

3. Give a short illustrated description of tho impelling or torque action 
of steam on tho moving blades of a continuous expansion, parallel-flow 
turbine Try to illustrate, not only the directions in which the steam 
passes the fixed and moving blades, but also show, by aid of graphic 
statics, the percentage resultant torquo. 

4. Give a neat freehand sectional elevation of Parsons’ compound turbine, 
with a complete indox to parts, Bhow the several fittings and state 
their respective functions, as well as how they act in sequence. 

5. Describe, with sketches, a Parsons’ steam turbine. State why it is 

necessary to make the steam go m series through many elementary 
turbines. . 

0. Explain in outline the principle and arrangement of a Parsons steam 
turbine. (I.C.E., Feb., 1903) You may be guided in answering this 
question by Fig. 5, which shows the outside longitudinal view of the 
general arrangement of the turbine as applied to tho driving of dynamos. 

7. Sketch and describe the construction and action of tho electrio 
governing arrangements for a Parsons’ turbine. W hat special functions 
does it perform, and how are these effected ? Is it necessary to have a 
hand-lever connected to the rod coupling tho governor with tho emergency 
admission valve? If not, why not ; if so, why ? 

8. Sketch and describe the construction and action of tho mechanical 
governing arrangement for a Parsons’ turbine. Which special functions 
does it perform when the engine is also fitted with an electric governor, 
and how ire these severally effected? How may two centrifugal governors 
replace one such governor and an electric one? lor which kind of applica- 
tions are these two systems of governing specially adapted, and why ? 

9. Sketch freehand an outside view and longitudinal section of the Brush 
Parsons turbo-alternator. Place tho necessary index letters at the most 
important parts, and describe concisely by aid of these letters tho con 
Btruction and action of the several parts of these machines. Give a short 
explanation of the course followed by tho steam in passing from the 
admission valve to the exhaust pipe in this turbine. How is the leakage 
of air past the end glands prevented ? 

10. Sketch and describe tho type of bearing used in small 1 arsons 
turbines. Enumerate the chief features of these “ flexible ’ bearings. 
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11. State what you know regarding the relative floor spaces, heights, 
and volumes occupied by Parboils’ turbines aad reciprocating engines oi 
the same power. 

12. Give the necessary conditions for obtaining the best vacuum with 
steam turbines. Stato the relative amounts of cooling water which should 
bo allowed during condensation at full*- load steam consumption with a 
turbine, as compared with that of a reciprocating engine. 

l.h Illustrate and describe the principle and action of the vacuum 
augmentor. Explain clearly, by aid of a diagram like Fig. 12, how and 
why it is lmpoi taut* to have a very good vacuum with steam turbines. 

14. Hot on squared paper the data given on page 27> for the 
600-kw. turbo-alteinator. 

15. Give a concise goneral description of the “I'ur buna” and its 
turbines. Illustrate your answer by ncatly-drawm sketches, and use index 
letters to represent the diflerent paits. 

16. Why is tho efficiency higher with one propeller than with three 
propellers on each turbme shaft? 

17. Give a freehand sketch of (a) an outside view, (b) a half outside view 
and half section, and (c) a section through the nozzles and blades of a 
Curtis turbino. Place the requisite index letters upon your sketches and 
give an explanatory index to the chief paits Show how the steam passes 
through the nozzles and blades, &c Also stato how the various moving 
parts are made, lubricated, balanced, and governed. 

Compare, by aid of sketches, tho lespectivo nionts and demer its oi 
the Do Laval, Parsons, and Curtis turbines Stato for which kind of 
work each turbine is best adapted. 

10. What advantages are claimed for the governing of the Curtis tuibme 
over the Parsons tuibme? What precautions ate taken to prevent tho 
possibility of tho tuibme being started before the oil begins to flow in the 
step bearing, and at what pressuio is tho oil supplied to this beaiing? 
Give a ready estimate of the amount of oil required per mmuto for the 
bearings in this tuibme 

20- Enumerate tho several advantages and the chief features of steam 
turbines. 

21. Compare Prof. Rateau’s empirical formula with the one given in 
connection with tho T)o Laval and the other given in connection with tho 
Parsons turbine Also check theso formuke by drawing an adiabatic curve 
to a scale of '1 inch per lb. of pressure and per cubic foot of volume, 
when using dry admission steam of 215 lbs per square inch absolute and 
expanding down to '93 lb. absolute. Now, ascertain the full area of your 
diagram of work. You may find the area of possible woik done by any 
simple rule, or by use of a planimeter 
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LEtTUKK XV IT. 

LAND BOILERS, MECHANIC^ STOKERS, FUEL ECONOMISERS. 

Contents —Waggon Boiler — Egg-Ended Boiler Cornish Boiler — Lanca- 
shire Boiler- rennian’s High- and Ordinaiy-lTessuie Lancashire 
Boilers— Water-Tube Boileis -Babcock & Wilcox* Boiler — Babcock & 
Wilcox Steam Superheater — Economy and Range of Superheating — 
Specification of Babcock & Wilcox Boilers and Mechanical Stokers — 
Vertical Boilers — Cochran’s Vertical Boiler — Auld’s Steam-Reducing 
Valve— Prevention of Smoke— Meldrum’s Forced l)i aught and Waste 
Fuel Furnace —Vicar’s Mechanical Stoker — Green’s Fuel Economiser 
and Tests Ilopkin^on l'Vi tanli Stop Valve -Questions. 

It is not our intention in this lecture to enter into the early 
history of Steam Boilers so fully as we treated the early 
history of the Steam Engine, since the former were not made 
with any regard to known mechanical principles, but merely of 
the form most convenient to the manufacturer. 

Among the earliest types of boilers of any note, the old 
spherical boiler, and the haystack boiler of Smeaton, occupied 
foremost positions. The latter kind was largely used prior to 
the time of Watt, and consisted of a series of flanged cast-iron 
rings, which were fixed together by means of bolts passing 
through the flanges. The top of the boiler was hemispherical, 
and also of cast-iron, and the boiler was tired from beneath. 
Many of the engines of the Newcomen ‘ type, which were 
titled up by iSmeuon, \.cie supplied with boileis ot tins kind. 

Waggon Boiler. — The “ waggon ” boiler, so called from its 
resemblance in shape to a carrier’s waggon, was introduced by 
Watt, and supplied by him along with most of his engines. It 
is illustrated m longitudinal and cross section in the following 
diagram taken from Prof. Rankine’s book on The Steam Engine. 

The top of this boiler was circular, and the sides and bottom 
concave, as shown by the cross section. The sides were sometimes 
made flai, but concave sides seem to have been more general. 
The fire-grate was situated underneath the boiler, and is shown 
at A. The flame and products of combustion passed from the 
fire-grate under the boiler to the end ; here, they entered one of 
the lateral flues, N, and traversed along one side of the boiler, 
across the front end, and back along the other side to where 
they passed into the chimney. This arrangement of conveying 
the products of combustion round the boiler was known as the 
wheel draught , since the gases circulated from the back end 
right round the boiler. Tn the larger sizes of waggon boiierf 
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mad© by Boulton & Watt, a flue was formed in the boiler itael£ 
The heated products of combustion passed from the fire-grate 
underneath the boiler to th r e back end as before, but returned 



H for Holler 

A ,, Fire-grate. 

N ,, Lateral flues. 

S and W ,, Steam and Water cocks. 


M for Man -hole. 

V M Safety Valve. 
F , , Float. 

X ,, Chimney. 


along this central flue to the front. Here the gases divided, 
and moved back to the chimney at the other end of the boiler 
through the lateral or side flues on both sides. This method of 
conducting the gases round the boiler was termed , a split 
draught, since the gases divided at the front end of the boiler 
The column of water in the vertical feed pipe formed the 
pressure gauge, and the damper was controlled by the rise and 
fall of this column. The water level was regulated by a float 
arrangement shown at F. The float rose and fell with the 
water level in the boiler. In falling it opened a valve in the 
vertical feed pipe, which admitted water, whilst in rising it 
closed this valve. This arrangement is one which is only 
suitable for the very low pressures (from 5 to 10 lbs. per square 
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inch) at which these^ boilers were worked, since it is evident 
that with high-pressure steam the vertical pipe would become 
inconveniently high. ' 

The waggon boiler was tfye style of boiler in most general use 
in this country for a long time, and it was not until about the 
year 1830 that it began to give place to forms more capable of 
resisting internal pressure. Its form rendered it suitable only 
for the very low pressures which Watt used,‘ and even then it 
required to be stayed in the manner shown in the cross section 
in order to prevent deformation. 

Egg-Ended Boiler. — When a higher pressure than about 15 lbs. 
per square inch became generally adopted, engineers were com- 
pelled to resort to cylindrical boilers. One of the first forms of 
cylindrical boilers tried was that known as the egg-ended boiler. 
This boiler was cylindrical with hemispherical ends. It was 
simple to construct, and required no staying whatever. The 
arrangements for firing and conducting the products of combus- 
tion round this form of boiler, were the same as those previously 
in use for waggon boilers, but there was the difficulty of obtaining 
sufficient heating surface. In order to obtain a moderate extent 
of heating surface, boilers of this kind required to be made very 
long in proportion to their diameter. It also had one serious 
defect, which was not found in the waggon boiler, viz., all 
seditnent collected in the bottom of the boiler where the heat 
was greatest, and the plates were thus liable to get burned. In 
the waggon boiler the sediment collected in the two bottom 
comers, and these were not exposed to the most intense heat. 

A modification of the egg-ended boiler, known as the “French” 
boiler (sometimes as the “ elephant” boiler) was much used in 
France. 


Cornish Boiler. — Tn order to increase the lieating surface of 
egg-ended boilers, they were latterly constructed with a flue 
passing from end to end. The products of combustion from the 
fire-grate underneath the boiler, after moving to the back end, 
returned through the flue to the front end, and then passed back 
to the chimney along the lateral or side flues as in the improved 
waggon boiler. When, however, it was discovered that the 
radiation of heat from a boiler furnace amounted to 20 or 30 pei 
cent, of the total heat of combustion, the furnaces were placed 
inside this flue, so as to impart to the water surrounding the 
flue, more of the heat radiated from the furnace. Boilers of this 
kind were introduced by Trevithick, and since they were first 
used to work the pumping engines at the Gornish mines, they 
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are known as Cornish boilers. The following diagram shows a 
longitudinal and a cross section through a (Wnish boiler as now 
commonly constructed : — * 




B S represents the Boiler shell. 


FF 

FG 

DP 

B 

FD 

LF 


Furnace flue. 
Fire-grate. 

Dead plate. 
Bridge. 

Fire door. 
Lateral or side 
flues. 


B F represents the Bottom flue to 
chimney. 

G8 ,, ,, Gusset Stays. 

M „ ,, Manhole. 

SV8 „ ,, Safety valve 

Beat. 

PSP „ ,, Perforated 

Steam Pipe. 


The products of combustion pass from the fire-grate through 
the flue to the back end of the boiler, where they divide and 
return to the front end along the two lateral or side flues. At 
the front, the products of combustion pass down to the bottom 
flue, and re-uniting move off to the chimney in contact with the 
bottom of the boiler. By this arrangement the gases are reduced 
in temperature before coming in contact with the bottom of the 
boiler, where all sediment collects, and there is, therefore, no 
danger of burning the plates on the under side of the boiler. 
Sometimes the gases are discharged direct from the furnace flue 
into the lower flue; but, unless in the case of very long boilers, 
where the gases may be considerably cooled before leaving the 
furnace flue, or where the water is very pure, this plan is 
objectionable, since the underneath plates on which segment 
accumulates are liable to get burned. 

The flues in the boiler shown are welded at the longitudinal 
joints, and the several rings are joined together by Adamson’s 
flanged joints. The front end plate is attached by an outside 
angle iron ring, and the back end plate by an inside angle 
iron ring, and these end plates are stayed to the shell by 
gusset plates. The furnace bars are made in two lengths, and 
are supported at mid-length by a cross bearer. At the front end 
these bars rest upon the dead plate, and at the back end they 
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are supported by the fire-brick bridge. When air is admitted to 
the furnace flue at thfe bridge, a cast-iron stool usually supports 
the furnace bars and the fire-brick, and a suitable sliding door is 
fitted to the stool, the opening of which for the admission of air 
is controlled from the furnice mouth. As a rulo, however, the 
whole of the bridge is constructed of fire-brick. The external 
flues are built of ordinary bricks, but are always lined in the 
inside with fire-brick. 

Lancashire Boiler. — The Cornish boiler is only suitable for 
small powers, since the length of the fire-grate cannot be in- 
creased beyond that conveniently worked by firemen, which is 
usually from 5 to 7 feet, and a flue of large diameter is weak, 
unless made of very thick places. Hence, when a large quantity 
of steam is required, the construction of the boiler is modified by 
having two flues of moderate size fitted into it instead of one. 
This, then, forms what is termed the Lancashire boiler. In 
every other respect it is exactly the same as the Cornish boiler. 

In the Lancashire boiler the furnaces are usually fired 
alternately, so that while the one may be giving off smoke and 
unburnt hydrocarbon gases, the other shall be burning briskly, 
and with its greatest heating effect. By this arrangement, when 
the gases from the two furnaces mix in the external flues, the 
linburnt gases given off by the green fire are raised to the point 
of ignition by the greater heat of the gases from the brighter 
fire, and are thereby burnt by mixing with the excess of heated 
air which has passed through the other furnace. 
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* Lancashire Boiler with Fox’s Corrugated Furnaces and Fines 
\*6e Coloured Plate). — If the student wilk first of all compare 
each detail in the “index to parts” with the different views of 
this Lancashire boiler and then refer to these parts again when 
.Studying the following extracts from the specification, he should 
thoroughly understand its construction as well as the materials 
of which the more important parts are made : — 

The Shell 0 S, to to 30 feet long by 9 feet in diameter, and inch thick, 
'of Siemens mild steel. These plates to have a tensile strength of from 28 
to 30 tons per square inch, with an elongation of 20 per cent, in a length 
of 10 inches. Each complete circumferential shell ring to bo made in ono 
plate. The seams to be butt-strapped inside and outside. All holes to be 
. drilled and riveted together by means of six rows of rivets, 'those longi- 
tudinal seams to be clear of the brickwork. The circular seams to be 
double-riveted. The edges of all plates to be planed and caulked inside 
and outside, and the corners thinned by Penman’s patent machine, so as to 
avoid fracture by local heating. The front and the back end-plates to be 
attached to the snell by their flanges. 

Fox's Corrugated Flues F C F, to be tw© in number, 3 feet 8 inches out- 
side diameter, and tapered down on the last ring to 3 feet 1J inches by 
| inch thick, of Siemens mild steel boiler plates. These plates to have a 
tensile strength of from 24 to 2& tons per square inch, with an elongation 
of about 25 per cent, in a length of 10 inches. 

End-Plates.— The boiler ends to be each of one plate, £ inch thiok, of 
Siemens mild steel, and to have a tensile sti ongth of from 26 to 30 tons per 
sauare inch, with an elongation of 20 por cent, in a length of 10 inches. 
The plates to be turned on their outer edgo, and the holes for the flue ends 
to be bored out by special machines. These end-plates to be effictently 
stayed by suitable gusset stay-plates G S, fastened by double angle steel 
to the shell of the boiler, but not brought down nearer to the furnace 
crowns than will give full freedom for expansion. 

Manholes M lt M a .— Ono wrought-steel manhole door with double-riveted 
ftame, and one of smaller size m the front end-plate, below the furnaces 
F\ F«. Both of these manhole doors to be riveted on and faced across the 
whole surfaoe of their flanges. 

The Stand Pipes to be made of wrought steel and riveted on the boiler 
where required. Their upper surfaces to be faced for connecting the 
various valves and cocks. 

A Fusible Plug to be placed on the top of each furnace. 

Furnace Fittings.— A set of five frames and doors to be fitted to the front 
end of the boiler, with brass beading round the outside of the furnaoe 
doors FD. Each door to bo provided with an internal baffle plate and 
oiroular slide to regulate the admission of air for the prevention of smoke/ 
Fire bars FB,, are to be provided with bearers and cast-iron hearth-plates. 

Dampers Dp D a —Two cast-iron dampers and frames with pulleys/ 
chains, anu counterweights D W, complete. 

Flue Doors C D. —Two flue doors and frames complete. 

Blow-off Cock BOC.— One 2£-inch gunmetal, asbestos-packed, blow-ofi 
oook, with solid bottom and packed gland, having a flange at each end. Also 
a suitable taper elbow, oast-steel pipe for attaching the cook to the stand-pipe. 

Feed Valve FV.— A 2£-inch check feed valve having the valve loose 
^ from the spindle, so as to act as a check or non-return valve, having a 

* regulating nand-wheel and screw. A pipe for the effective distribution of 
. the feed water to be fitted inside the boiler. 
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Safety Valve .— One deadweight safety valve D WS V, and one balancod 
high- and low-level water safety valve BS V, to be fitted to their stand-pipes. 

Stop Valve SV. — One 3-inch steam stop or junction valve to be fitted 
with a gunmetal valve and its seating, jyud to have a packed gland, with 
hand-wheel, &c. 

An Anti-priming Steam Pipe S P, to be fixed inside the boiler and con- 
nected with its stand-pipe for the steam stop valve S V. .This pipe to be 
perforated on its upper side. 

Water Gauges G. — Two sets of J-inch gunmetal, asbestos-packed, water- 
gauge cocks with glass tubes and indiarubber washers* 

Steam Gauge SG.— One 10-inch steam pressure gauge of best construc- 
tion with siphon and cock. 

Testing and Working Pressures .— Before leaving the works the boiler to 
be tested to a water pressure of 200 lbs. per square inch, and the every- 
day working steam pressure to be 120 lbs. per square inch. 

Specification of a Eigh-Pressure Lancashire Steam Boiler. — 

Shell . — The outer shell OS, to be 30 feet long by 8 feet in diameter and 
1 inch thiok, made of mild selected steel boiler plates (Siemens process). 
Each ring in the circumference to be of one plate, thus removing all the 
longitudinal seams from the brickwork setting. Tho longitudinal seams to 
be butt-strapped inside and outside, and riveted together by means of six 
rows of rivets. The circular seams to be double-riveted r l be edges of all 
the plates to be planed and caulked both inside and outside. The corners, 
of the plates to be thinned by means of Penman’s patent machine, thus 
avoiding fracture by local heating. 

End- Plates . — The boiler ends are each to be in one piece of mild selected 
■teel boiler plate £ of an inch thick. The fiont end -plate to be attached to 
the shell by means of a solid welded angle steel ring, 5^" x 5^" x fixed 
externally. The back end-plate to be attached by flanging. These plates 
to be turned up on their outer edge, and the holes for flue onds bored out 
by special machinery. The end-plates to be efficiently stayed by suitable 
gusset plates G S, fastened by double angle steel to the shell of the boiler. 
The stays shall not be brought down too near the furnace crowns, thus 
leaving a sufficient space for expansion. 

The shell and end-plates to have a tensile strength of from 26 to 30 tons 
per square inch, with an elongation of 20 per cent, in a length of 10 inches. 

Flues . — Two flues, F lt F 2 , to be made of §-inch thick mild steel boiler 
plates (Siemens process), each 3 feet 3 inches diameter, and tapered on 
second last ring to 2 feet 9 inches diameter, with the last ring parallel. 
The first and last rings to be ^ inch thick, and to have a tensile strength 
of from 24 to 28 tons per square inch, with an elongation of about 25 per 
cent, in a length of 10 inches. Each flue ring to be in one plate in circum- 
ference. The longitudinal seams to be solidly welded, and the transverse 
seams formed by flanging the ends of the plates, with a caulking strip 
between the flanges, as in Adamson’s flanged joint AF J. 

Manholes. — OneM'Neil’s patent manhole door Mj, with double-riveted 
frame, as recommended by the Board of Trade, to be fixed on top of boiler. 
One of smaller size M 2 , to be placed on the front end -plate below the 
furnaces. Both manhole doors to be riveted on and faced across the whole 
surface of their flanges. 
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lmtuhh A VII. 



Lancashire Boiler (30 feot long by 8 foot diameter). 

For a Working Treasure of 200 lbs. on the Square fnoh, 


End Elevation 
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Drilling 9. — Special machinery shall ho used for drilling tho whole of the 
plates after they aie put itto form. The pitch of rivet hole*? to be regulated, 
both longitudinally and transversely, by the dividing arrangement. Rivet- 
ing, wherever practicable, to be perfoim&l throughout by hydraulic power. 

S f and Pipes. — WTought-stecl stand pipes to bo double-riveted on the 
boiler where required, and faced on then upper sur faces so as to connect 
tho valves and cocks to the boiler * 

Anti- Pi immg Pipe. — A cast-lion anti-pi lining steam pipe SR, to be 
perforated on tho upper side, and to bo fixed insido the boiler, and con- 
nected with the stand pipe for the steam stop-valve SV. 

Finable Plug s. — A fusible plug to bo placed on tho top of each furnace. 

Furnace Fittings . — Firo flames and doors R 1), to bo fitted to the front 
end of the boiler, with brass beading round the furnaces Mach door to bo 
provided with circular slide to regulate the admission of air. An internal 
baffle plate to bo piovidod for the prevention of smoko Cast -non 
hearth plates, and fire-bars F B„ of suitable length, with beams to bo 
fitted in tho furnaces and to rest on tho east-iron hinged doors 11 I), for 
the fire bridge F R> 2 . 

Dampers . — Two cast-iron dampers and frames, with pulleys, chains, and 
weights complete. 

Ashpit —Ashpit framo and plate for front of boiler. 

Flue Doors . — 1 wo fluo doors with frames 

Blow-off Cock .-- One 2jj-inch gunmet.il, asbestos packed, blow-off cock 
BOO, with solid bottom and packing gland. A suitable taper elbow cast- 
steel pipe to be provided for attaching tho cock to the stand pipe. 

Fad- Valve. -A 2Vineh check feed-valve F V, with its valve kept loose 
from the spindle, so as to act as a che< k or non-ieturn valve. Tho valve 
to be actuated by means of a hand wheel and seiew. A feed-pipe F R, to 
be placed inside tho boiler for effectual distribution of the feed water. 

Safety- Val res - -i .) no deadweight safety valve T)WSV, and one highl- 
and low-water safety-valve li S V, to be tit tc cl to the boiler 

SOum XozJe — One 7-inch steam stop- or jurist ion- valve and seating 
S V, with hand wheel for regulating the supply of steam fiom the boiler. 

Wattr Gauge — Iwo sets of f-indi gunmetal asbestos packed water glass 
gauge cocks (1 0, with india-rubber packing w.ushers and glass tubes. 

Steam Cange -One l()-ineh steam piessuro gauge SO, of best construc- 
tion, with syphon and cock. 

'Besting. — The boiler to he tested with water pressure of 300 lbs per 
square inch, and to bo fit for a daily woiking steam pressure of 200 lbs. 
per square inch. 

Water-Tube Boilers.— In water-tube boilers, sometimes called 
tnbulons boilers, as distinguished from tubular boilers (of which 
the niayne boiler is an example), the flame and hot gases from 
the furnace act directly on rows of parallel tubes of small 
diameter, which contain water and steam. These tubes are 
connected to a receiver from which a supply of steam is drawn. 
The principal advantage's possessed by water-tube boilers over 
those of the ordinary cylindrical form of the same power are : — 

(1.) Less weight. 

(2 ) Less space required, and their shape can be jno.dified to 
suit the space available. 

(3 ) Much larger grate area. 

(4.) Higher pressures can be employed without danger. 
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(C.) Larger and more subdivided heatjpg surface, and, hence, 
more rapid steam raising. 

(6.) If any part of the toiler should fail or be damaged in 
any manner, it may be replaced ^ith very little trouble and 
in a very short time. 

(7.) When used on board ship they can be removed in pieces 
without opening the deck. 

(8.) The several parts being comparatively small and light, 
they are easily transported and fitted up in places where it 
would be difficult to send a whole cylindrical boiler. 

As an illustration of a water tube boiler, we have selected 
that manufactured by Babcock & Wilcox, Limited, London 
and Glasgow, and below we give report of a test made by 
Prof. Henry Robinson on one of five 140 H.P. B. <fe W. boilers 
at Regent Park Electric Lighting Station, St. Pancras Vestry, 
London, 


1,619 square feet 
30 

63 ‘9 to 1 

6 hours. 

173 6 lb. 

48° Fah. 

2,352. 

56. 

2,296. 

2-38. 

15*6. 

22,925 lb. 

4,585 lb. 

5,160 lb. 

2 83 lb. 

9*747 lb. / 


11*906. 

61° Fah. 

185° Fah. m 
0*391. 


The boiler consists of several rows of water tubea, WT, placed 
In an inclined position (see next fig.). Each upright row of these 
tubes is connected together by suitable end connections EO, 
whioh are fitted to the water and steam drum D, at both ends, 
by upright^ connecting tubes C T. The water tubes W T, are 
not arranged vertically above each other, but are placed zig-zag, 
so as to break up the flame and products of combustion. Two 


Heating surface, .... 
Grate area, ..... 
Ratio of heating to grate surface, 

Kind of fuel— Nixon 1 a navigation steam coal, 
Duration of test, .... 
Average steam pressure, 

Average temperature of feed-water, . 

Pounds of coal fired, .... 
Pounds of refuse, .... 
Pounds of combustible, 

Per cent, of ashesf .... 
Coal consumed per sq. ft. of grate per hour, 
Total water evaporated, 

Average evaporation per hour, 

Maximum evaporation per hour, 

Water evaporated per square foot of heating 
surface per hour, .... 
Water evaporated per lb. of coal, 

Water evaporated per lb. of coal* assuming 
feed-water at 212° Fah. and at atmo- 
spheric pressure, .... 
Temperature of boiler-room, . 

Temperature of flue gases, 

Force of draught in inches of water, 
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division plates consisting of iron, faced on the frgnt sides with 
fire-bricks, fit between the tubes (see Plate, side view). These 



The Babcock & Wilcox Water -Tube Boiler. 


guide the flame and hot gases which rise from the fire-grate 
b* tween the upper ends of, W T, and cause them to Reflect down 
bj the first fire-brick division, then to rise again behind the 
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second, and finally to pass across betw^jn the lower upright 
connecting tubes, and down again to the chirhnpy tunnel thus 
. The water and connecting tubes (W T and CT) are 
4 inches diameter, made of seamless steel. The steam and 
water drum, I), is made of wrought-steel plates, the longitudinal 
joints being double- riveted, and the circumferential joints 
single-riveted, while the end-plates, EP, are of steel and are 
dished out to tli'e reipiiiod curvature. Steam is taken from 
the drum, 1), by the stop valve, which is fitted with an 
internal pipe, pciforated with small holes on the upper side 
to prevent priming. Two glass water gauges, W (1, and a 
steam pressure gauge, S G, and a combined fetal and check 
valve, F V, are fitted to the front end of the steam drum, 
D, while a safety valve is fitted on the top centre, and a 
inandoor at the roar. Underneath the lower end of the 
water tubes, W T, there is a mud drum for collecting 
the sediment The mud drum is a wrought-steel box, 
litted with sludge doors, and blow-out apparatus, by which 
it may he thoroughly cleaned out. The sediment should 
be blown out every twenty -four hours. 

Babcock -Wilcox Steam Superheater (see Folding Plate and 
full-page figuie). General Arrangement . — This consists of solid 
drawn steel tubes, 1} inch diameter, bent into U shape 
and connected at both ends hy expanded joints with wrOught- 
steel cross-boxes or manifolds M p ]\1 2 The upper box M p 
receives saturated s 4 eam from the drum 1), by the inlet steam 
collectors SC^; whilst the lower box M 2 , collects the super- 
heated steam after it lias traversed the superheater tubes T, 
and delivers it by the outlet steam collectors 8 G 2 , to the stop 
valve 8 V. As will be seen from the side elevation, hand holes 
H, are provided for getting into and cleaning M p M 2 , as well as 
the tubes T. 

Flooding . — The arrangement for enabling the tubes T, to be 
flooded with water consists of a pipe P p from the water space 
of the boiler drum D, to cocks Cj and (J a . By opening the 
large upper cock C p and shutting the drain cock C ? water 
passes from Pj through P 2 into M 2 , and thus fills the super- 
heater tubes T. Any steam formed in these tubes during this 
operation is returned to the boiler dium by the collecting 
pipes S Cj. 

Setting Superheater to Work . — When the full steam pressure 
has been attained aud it is desired to connect the boiler to the 
main steanf range of an installation, then close the boiler 
damper, shut cock C ls and open drain cock 0 2 , which blows out all 
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water from the superheater tubes T. When all the water is out, 
and the observation glass 0 G appears milty, shut 0 2 and gently 
open the stop valve S V, as well as the damper. The saturated 
steam from drum D, is now conveyed by SOj to M 1? tubes T, 
M 2 , and by the steam collectors S (? 2 , to the stop valve S Y. 

The equalising valve EV, should always be open when the 
stop valve S V, is shut, to prevent any syphoning-up of water 
when the superheater is flooded. Boilers fitted with a super- 
heater should not take their feed-water by means of an injector. 

Degrees of Superheat . — In this country, steam is ordinarily 
only superheated by 100° to 150° F., but, on the Continent, 
steam is frequently superheated up to 275° F., and this can be 
done in a standard Babcock Wilcox superheater directly 
attached to the boiler, but with increased heating surface. 
With their independently-fired superheater, any desired higher 
degree of superheat may be obtained. 



Plotted Results of Evaporation and Superheat 

With a Babcock k Wilcox Land Boiler. 0 

Economy and Range of Superheating. — The accompanying 
curves were plotted by Mr. Arthur T. Cooper, Managing 
Engineer of the Reading Electric Supply Company, Limited, 
to Bhow the results of his observations to ascertain the relation 
between the degrees of superheat obtainable under ordinary 
working ponditions and the corresponding rate of evaporation of 
boiler water! It will be observed, that no special attempt was 
made to get a high degree of superheat, for the highest degree 
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attained was only 90° ^F. When the evaporation was as low as 
5,000 lbs. per hour, th*e superheat was only 53° F. * whilst, with 
an evaporation of 16,000 lbs. per h(wr, the superheat was 68° F. 
r ihe estimated working economy in coal consumption under 
these mild conditions amounted to about 12 per <jent. over that 
without the use of a superheater. 

Specification of the Babcock & Wilcox Boilers as Supplied to 
the Manchester Corporation Electricity Works.— There shall be two 
blocks, each comprising twelve boilers, each boiler having 3,580 sq. ft. 
of heating surface; the twelve boilers in each block being set in one con- 
tinuous battery. 

Sections. — Each boiler to bo composed of 10 sections. Each section to 
be of 10 seamless steel tubes, 4" diameter and 18' long, connected at the 
ends by continuous wrought-steel staggered headers, or “uptakes” and 
“downtakes,” into which the tubes are expanded. Each “header” to 
be provided with hand-holes placed opposite the end of each tube. 

Headers. — To be of sufficient size to permit the cleaning, removal and 
renewal of a tube through the same. Each hand-hole to be provided with 
a cap fastened with a wrought-steel bolt, clamp, and cap nut. 

Joints , Connections. — The several sections to be connected at each end 
with a mud-drum, by means of seamless mild steel tubes 4" diameter and of 
suitable length, the joints being made with an expander. The two lower 
rows of tubes to be No 8 S.W.G. thick. 

Drum , Manhole , and Cross-drum. — The steam- and water-drums to be 
42'' diameter and 23' 7" long, made of mild steel plates i 9 / thick, with the 
longitudinal seams double riveted. A manholo to be provided, and fitted on 
to the fchell, as well as nozzles for the safety valve, scum cock and attach- 
ment of cross-drum. 

The steam- and water-drums to bo connected at their rear ends by a 
riveted steel cross-drum 20" diameter and 7' 6" loffg. The cross-drum to 
be provided with two wrought-steel standpipes for tho attachment of 
the main steam stop valves, fi" diameter, and one for the fixed soot cleaning 
valve which shall be 2" diameter. 

Lagging. — The exposed portions of tho steam- and water-drums to be 
lagged to a thickness of 3" with a plastio asbestos composition. 

Mud-Dmim and Blow-Off. — The mud-drum to be of wrought-steel, 6" square 
and 9' 5" long, with 4 hand-holes and a nozzle for blow-off pipe 2£" diameter. 

Supports. — The front ends of the boilers to bo supported from wrought- 
iron girders resting on brackets and secured to the columns of the building, 
and the rear ends of the boilers from wrought-iron girders, resting on 
wrought-iron columns with cast-iron bases. These columns to be properly 
secured m that the boilers shall be sustained entirely independent of the 
brickwork, and be free to expand or contract without affecting the same. 
The briokwork may be removed and replaced if required, without dis- 
turbing the boilers or connections. 

Each boiler to be provided with the following fittings: — 

' Valves and Fittings.— Two 6" diameter Turnbull^ sine qud non main 
steam stop valves. 

Two 6" diameter Hopkinson’s isolating valves. 

Two double 2" diameter Turnbull’s deadweight safety valves, set to 
blow at 210 lbs. per sq in. The valves to be enclosed, fitted with short 
bell-mouthed escape steam pipes, and suitable arrangement for easing 
them from the floor level. 
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Two 24* Dewrance gunmetal combined feed aqd check yalveswith the 
screw on the outside. 

Two 2%" Dewrance angle feed rt valves. Gunmetal bodies and outside 
screw with lengthened spindles. 

One 2£" Dewrance globe feed valve for fixing between drums, with a 
gunmetal body and outside screw. 

Two 2£" Dewrance scum cocks. 

Two 2" gunmetal valves for the fixed soot cleaning. 

One 1 S'' dial Schaeffer & Ludenberg steam pressure gau^e, graduated 
oveiy 10 lbs. to 400 lbs., with syphon and control cock. The syphon to 
have a fitting for the attachment of the inspector’s test gaugo. 

Two §" Dowranco asbestos packed gunmetal water gauges fitted with 
automatic closing valves. 

One fitting for tlio attachment of test pump 

One fitting for the attachment of a Crosby indicator. 

Note. — All valves to he clearly marked with the direction of opening 
and closing 

Soot Cleaning —A suitable system of soot cleaning to be provided. 

Scum. — A scum trough to be fixed in each steam- and water-drum and 
connected up to the 1 f scum cook on the drums. 

Fi onts. — The front of the boilers to be of ornamental pattern, arranged 
for the application of mechanical stokeis, and with a large door for access 
to tho ends of the tubes. All parts to be ample in stiength and all joints 
to bo fitted {see end of this Specification for details of the Mechanical Stokers). 

Fixtures — The fixtures for each boiler to consist of a full set of flame 
bridge plates with bolts and special firebiick for lining tho flame bridges; 
bridgo wall gliders and bars, binders and bolts, ash and cleaning doors for 
the access to the oxterior of tubes and the flues for cleaning. Two doors 
for fitting m asli tunnel, two dampers with frames, and the requisite 
lintels for opening in walls, smoko chamber T’s and anchor bolts for the 
front. Tho dampors to be suitably arranged for working from the front 
of tho boiler The exposed portions of the ironwork to be given two 
coats of paint. 

Gangways. — A gangway to bo provided and fixed over the tops and in 
front of each block of boilers. Tho gangways in front of the boilers to 
be connected by a cross over gangway, and all four gangways to be con- 
nected by two ci oss-over gangways running along the outside walls of 
the blocks of the boilers. 

Two laddeis to bo provided for gaming access to the gangways from 
tho boiler-house floor. 

The gangways to bo 16" wide and made of wrought iron with 4” diameter 
spills for the steps at 2" pitch. The gangways over the tops of the 
boilers to be supported by cast-iron stools resting on the boiler walls. 
The gangways in f 1 out of tho boilors to bo supported by brackets bolted 
to the building columns. The cross-over gangways at the ends of the 
boiler-house to be suitably supported from the ends of the blocks of 
the boilers. 

Spares. — Four 2-cwt. iron coal barrows ; two complete sets of firebars; 
six gaskets for mauholo door in steam- and water drum ; six gaskets for 
mud-hole door in mud-drum ; six sets of fittings for hand-hole doQJ* in 
mud-drum ; six complete sets of hand-hole fittings ; seventy*tWO Jena 
gauge glasses with washers ; one complete set of spanners in rank for 
gauge-glass fitCings. ' _ 'T 

Tools. — Two wrenches fitting the hand-hole nuts; four tube aoragws 
with handles ; eighteen tube brushes ; four sets of tools, e&c |h ’tofc 
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, consisting df : three long and three short slices, three long and three short 
rakes, three long and thre<f short prickers, with two doaen'spare prifcker 
blades ; six tube stoppers ; one 4" expander, complete ; two 5-cwt. 
Ay«ry’s movable platform weighing machines. 

Testing. — The sections and nuid.drum, aKo the steam- and water-drums, 
t<$ be tested and made tight undor a hydraulic piessuio of 350 lbs. 
per square inch. 

The boilers to be tested after election to a hydraulic pressure of 350 
Its. per square inch. 

Working Pressure. — The working steam piessuie to lie 200 lbs per sip in. 

Weight. — Approximate deadweight of eacli boiler -Gross 28$ tons, and 

net 27i tons. 

Brickwork. — The boiler bnekwork above tho foundation level to bo 
provided by the makers. The boilers to bo lined with 1$" of tuebnck 
throughout, and the top of the buck wank to be finished with bricks set 
on edge. A firebrick arch to be turned over the f i out. part ot the furnace. 
The end walls of each block of boib is to be of glazed buck, and the 
exposed brickwork in front of the boilers between tho drums to be 
Covered with ornamental east-iron plates. 

Mechanical Stokers.-- Twelve pans of Babcock k Wilcox patent chain 
grate stokers to bo supplied for tho afoie-inentioned bodeis (see Plate). 

The grate to consist of an endless chain of .short, cast iron grate bars 
linked together, and actuated by pas-mg over drums placed at tho fi oat 
and rear of furnace The front dium to Ir* u voiced by means of a worm 
and worm wheel. Gearing to bo provided to enable the whole stoker to 
be brought out cloat of the front ot the hoder. The 1 m mum to be fitted 
with wheels running on rails placed at the nils of the ashpit, (s«c Ujt-hnnd 
figure of Folding Plate). 

Acticfh of the Cham Grate. —The coal to be fed over tire whole width of 
the grate, tho thickness of tho coal Liver being ululated by the vertically 
sliding arrangement of fire-doors, whufi are soaiianged as to allow' (in 
case of need) of the sLokers being fired by hand 1 h stokm, is 1 1 lust rated, 
is abio to burn small North Count ty co il w illume c aiding \ i able smoke at 
the top of a chimney 200 feet high. 

The speed of chnn grate to lie eapabh nt licmg varied from W to 15' 
per hour, to suit anv demand fur steam liom the boiler. 

The thickness of the lire and tho speed ot llm chain can be adpisted to 
si|it any class of coal or strength ot di aught. 

The links to be made to travel m a body, with no relative movement 
between them, so that the coal in ,y remain unde- tm bed imi i! consumed. 

The links to be male to travel throughout the entm length of tho 
furnace, and to deposit their hot ash at the real into a dink' i pit winch 
is to be fitted with a dumping bottom. The links to b" made to travel 
backwards underneath their drums, and to become pi u< finally cool by 
the time they reach tho front end for another .supply ot coil. 

Coal Hoppers . — Tho hoppers are to lie ar tanged and placed at such a 
height from the ground that tiny can be filled horn shoots coming down 
from the coal store, which is situated above the boilers, or by hand from 
fcfre boiler-house floor. They are to be of sufficient si/c for convenient 
working by the latter means. The arrangement of the boiler fronts and 
the position of the water gauges, mountings, &e. , to be atuh as will 
enable the coal shoots to be pfined as indicated by the folding plate, 
without' interfering with the working or obstructing the fi "email's view 
of the pressure and water gitugos. 
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Shafting for Driving Chain Orate, Stokers. — The best quality of 4 r 
diameter mild steel bright shafting for working the chain grate to be sup- 
plied and placed above the boilers on pluinmer blocks, resting on cast-iron 
brackets, fixed to the boiler supports or to the boiler-house stanchions, as 
the case may bo. ( The general arr augment of shajtmg is shown by the 
Folding Plate . ) 

Vertical Boilers. — These are very useful for small isolated 
cases, such as supplying steam to winches, cranes, stone-crushers 
in quarries, amWnall river craft, or for donkey boilers on board 
steamers. They occupy a minimum of floor space, are self* 
contained, require no brickwork for flues or setting, and are 
very portable. They can be erected and set to work in a few 
hours; but, they are of necessity not so economical as the larger 
fixed boilers previously described, and they are liable to give off 
smoke when fired with bituminous and lower-grade coal. 

Cochran’s Vertical Boiler. — As will be seen from the accom- 
panying three small views of this type of vertical boiler, it 
consists of a circular fire-grate, hemispherical fire-box, vertical 
uptake, and horizontal flue tubes to the front smoke-box, upon 
which the funnel rests like a miniature marine boiler. 



Cochran’s Vertical Multitubular Boiler. 


The hemispherical fire-box and boiler roofs enable the makers 
to dispense with gusset or other stays. Since the horizontal 
flue tubes give a comparatively large heating surface and are 
freely accessible for cleaning both inside and outside, it is 
claimed that this boiler combines in a small space the advantages 
of the vertical form with the economy of the multitubular 
boiler. 
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As will be seen from the left-hand outside view, it is fitted 
with stop, safety, and feed-check valves, water hnd pressure 
gauges; water test, steam-jet and blow down cocks, which are all 
tried on the boiler to a water pressure of 200 lbs. per square 
inch for 100 lbs. work- * 
ing steam pressure. 

When any one of these 
small boilers are likely 
to remain in an open, 
draughty, exposed posi- 
tion for a length of 
time, it is well worth 
the expense and trouble 
to have it carefully 
lagged with a non-con- 
ductor which will with- 
stand rough usage and 
at the same time retain 
the heat. These boilers 
are seldom made to 
supply steam for more 
than 100 I.H.P., but 
they may be stacked 
and joined in series as 
a u boiler battery ” 
whereby each unit 
may be independently 
fired as required and 
put into or out of cir- 
cuit for use or for 
repair. 



Aut.d’s Patent Steam-Reducing Valve. 

Auld’s Steam-Reduc- 
ing Valve. — Reducing l™** to Parts. 

for Boss nut. 

„ Mud plug. 

„ Adjusting screw 
,, Spiral spring, 

,, Graduated scale. 
,, Index or pointer. 

variety of designs for 

effecting this purpose is great, but the author has had practical experience 
with this selected example, and it will serve to explain their working to 
students. 

The action of Auld’s reducing valve is as follows:— The in-flowing steam 
is admitted between the valve V, and a piston P, which is covered by an 
india-rubber disc or diaphragm I R. The piston and valvp arb in equi- 
librium on the inlet or higlWpreasure side of the reducing valve A column 


valves are used tor various 
purposes on land and 
marine B^am plants where 
a lower pressure is required 

than l r> Knlloro Tlio 


v lor valve. 

W „ Water. 

J N „ Jam nut. 

D „ Washer. 

IR ,, India-rubber disc. 
P .. Piston. 


H N 
MP 
AS 
SS 
GS 
I 
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of water W (represented by dotted lines in the figure), is interposed 
between the ‘steam and the india-rubber discv This column of water is 
supplied by the condensation of the steam which takes place in the steam 
pipes. The desirod pressure c’i steam on the outlet side of the reducing 
valve is obtained by compressing or relaxing the steel spiral spring SS (by 
the adjusting screw AS, which passes up through SS), until the index I, 
is opposite the' figure on the graduated scale (1 S. The valve V, being thus 
opened, the steam flows through the valve opening to the low-pressure side 
of the reducing valve until the pressure of the steam on that side, pressing 
on the upper surface of the valve V, balances the force exerted by the 
spiral spring S S. 

Should it be desired to obtain steam from the donkey boiler for engine- 
room machinery in the reverse way through the reducing valve, when thore 
is no steam in the main boilers, then it is only necessary to compress 
the spring S S, by means of the adjusting screw AS, till the valve is 
opened. 

When the reducing valve is used for supplying steam to weak steam 
chambers or pipes, a safety valve should bo placed on the low-pressure side 
of valve. 

These reducing valves are also serviceable for reducing and regulating 
automatically the pressure of wator or air as well as of steam. 

Prevention 01 Smoke.— At present the local authorities in mo^ 
large manufacturing towns are seriously directing their attention to the 
prevention of smoke, not only from the furnaces of steam boilers, but 
also from ordinary house-fires. The number and the variety of the 
appliances which have been patented with this object in view are very 
great. We shall, howover, only notico a few of those which have been 
brought specially under our notice of late. 

In ordor to treat this matter fully and with the importance which it 
really deserves, wo would require to devote to it a complete lecture on the 
analyses of different coals and their qualifications, the chemical actions 
which take place in the furnaco and analyses of the products of combus- 
tion, together with the temperatures observed at different stages of the 
combustion and parts of the system such as in the furnace, smoke-box, 
tubes, flues, and chimney. Speaking generally, howover, the emission of 
smoke from a furnace is a sign of imperfectly burned fuel. Consequently, 
if you wish to prevent the generation of smoke you must have as perfect 
combustion as possible of the coal and of the gases which naturally more 
or less arise from the burning of different classes of coal. To produce 
combustion of these smoky gases before they leave a furnace, they must be 
raised to a very high temperature, and be intimatoly mixed with the 
proper proportion of air. One of the simplest ways of doing this is to 
koop the back part of the boiler furnace always at a high degree of incan- 
descence, and by so directing the smoky gases as they arise iror^the fresh 
green coal at the front end, tint they shall pass down upon and over the 
incandescent surface at the back end. At the same time, the proper 
quantity of fresh air should be so admitted and directed from below the 
back furnace bars that it shall pass up through the incandescent coal and 
there becorao heated and mixed with the crude gases. In this way, you 
can induce a chemical combination which readily burns, leaving an almost 
smokeless flame to pass into the tubes or flues. The deposition of soot will 
thus be largely avoided in tho flues and tubes of a boiler, and consequently 
the heat 'wilbbe more efficiently and economically applied for the desired 
bbject of raising steam. There will be much llss labour required in keeping 
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the he&tiug surfaces clean, and the atmosphore will not become polluted to 
nearly the same oxtent. * ~ # 

A careful fireman, if provided with good coal, a properly proportioned 
furnace, and a boiler which does not require hard stoking in order to give 
the necessary amount of steam, can easily prevent the emission of smoke. 
The difference between the prtee of good steaming smokeless coal and 
dross, is a great inducement to steam users to employ tiie latter. With 
dross end the poorer cheaper qualities of smoky coal or with a boiler that 
requires frequent and hard stoking, even the most skilful fireman will bo 
unable to prevent the making of smoke. In such casijs, a good mechanical 
stoker or at least some form of forced or induced draught should be fitted 
to the boiler, and so arranged as to produco the aforesaid object of burning 
the gases before they lea\c the furnace flue (see Index for examirtes of these 
appliances). 

With vertical boilers and house fires where it may bo impossible to bring 
the smoky laden gases into contact with a highly heated incandescent 
surface, coke or gas-fires should bo partially or wholly resorted to wherever 
convenient, or the smoke should be purified. 

Meldrum’s Forced Draught and Waste Fuel Furnace.-This 

furnace has been extensively applied for burning low classes of fuel, such 
as coal dust, coke dust, anthracite smudge, dross, &c. Since the price 
of fuel in many manufacturing industries constitutes such an important 
item in the cost of production, many persons are only too glad to avail them- 
selves of any workable device which will enable them to increase their 
profits without diminishing the supply of steam from their boilers, and at 
the same time save them from coming within the range of the Authorities 
administering the Smoke Nuisance Act. As will be gathered by an 
examination of the accompanying end view and longitudinal section, 
Meldrum’s furnace consists of an air-tight fitting cast-iron plate bolted to 
the mduth of the ashpit. This plate has a small air-tight door of square 
form, which may be removed when it is necessary to clean out the asnpit. 
There are also fixed to this door two conical blowers supplied with steam 
from a small pipe connected to the steam space o! the boiler. The air- 
blast induced through the two tubes by the steam which issues from the 
two very small nozzles is regulated at will, by cockB placed in a handy 
position near the furnace door. This combined flow of steam and forced 
air up through the very narrow air slits between the very thin fire bars 
keet> the latter comparatively cool, and thus prevents the adherence of 
clinkers. Besides the burning of inferior fuels, which is the chief object 
of Meldrum’s furnace, it also enables boilers to be forced so as to supply 
any sudden or extra demand for steam, and it materially tends to the 
prevention of smoke. It is admirably suited (as we can testify from 
personal observation) for consuming the large and almost otherwise worth- 
less quantities of coke riddlings produced in gas works. We have seen 
several id them at work in tne Glasgow Corporation Gas Works, where 
the late manager, Mr. Wm. Foulis, M.Inst.C.E., had them applied, not 
only to Cornish and Lancashire boilers, but also to the water-tube boiler* 
made by the Babcock & Wilcox Company. 

Vlcap's Mechanical Stoker. — As will be seen by an examination of 
the general view, sections, and index to parts, this stoker aims at feeding 
automatically into a boiler furnace small coal and slack at a regular 
rate from a divided hopper. The fuel is gradually pushed down from 
the hoppers on to the fire-bars by means of alternately reciprocating 
plungers actuated by eccentrics; and, then, by a slow • reciprocating 
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moyement of the alternate sell of grate-bars, carried gradually forward 

nd S ofre g «r A r *’ ael 40 b r™, C0l[ed '*f°»Kach y e» ZS 

^ « e * u Au l u “ con 8umed coj^ together with any clink era and 
ash refuse are finally discharged over the enol of the grate into the flnea 

uD^he* ar H ba ? UP u aDd a38 ^ me a high1 ^ iccan ^escent mass closing 
up the far end of the ashpit. Over this white hot surface sweep thS 
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Vicars Mechanical Stoker. 

smoke ldflen gases, whereby their temperature is raised to such an extent 
that the fuel and the smoke are most thoroughly and effectually consumed. 
The supply of the fuel from the hoppers and the gradual movement of the 
same along the furnace is actuated by independent eccentrics turned by 
a central common shaft, driven from a small steam engine situated at the 
right-hand end of the shaft (not shown on the figures). The alternate 
fire-bars are first lowered and then drawn towards the front end of the 
furnace, and then all the fire-bars are moved simultaneously towards the 
back of the furnace This up and down travel of the .bard may be 
adjusted from nothing to ybout 4 inches, by simply altering* the leverage 
of the pall on the ratchet wheel which is turned by the driving eccentrics. 





Indue to Pa* re. 

D £ represents Drirlng eccentric. P E represent* Planter eooentrie. 

VEB . „ Verticil eooentrie rod. 8 H „ Stokirg b*r. 

H „r Hopper. TP B „ Top flre-bex. 

HS „ Hopper shoot BPB t „ Bottom Ore-bar. 

PL „ Plunger lerer. P „ Pruning. 

BP „ BeoiprooaUnf plunger. 
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The horizontal movements of»the fire-bars are effected by cams on the 
central shaft, and they fnay be altered at pleasure from & 4 to 2 turns of 
the shaft per minute. The whole framing and the gearing connected 
therewith are made quite independent of tne boilers to which they may 
be attached. 

The whole secret of smoke consumption by aid of these stokers lies in 
the fact, that the gases as they arise from the crude coal are raised to that 
degree of temperature and are supplied with that necessary quantity of air 
which will just induce them to become inflamable. 

The following table of trials of Vicar’s Mechanical Stokers as against 
hand firing with and without forced draught will prove interesting to the 
student : — 


Trials of the Vicar’s Mechanical Stokhrs against Hand Firing 

WITH AND WITHOUT FORCED DRAUGHT. 



Boyal Papkb Mill* 

W AJI WO KTH. 

V AUXHALL WATM 
WOHJES. 


Vicar'a 

Hand Firing 
Forced 

Dt aught 

Vicar’s. 

Hsnd Firing 
Ordinary 
Draught 

Number of Boiler*. . 

1 

1 

4 

4 

Description of Boiler*, 

Lancashire 

Lancashire 

Cornish 


Dimensions of Boilen, 
Dimensions of Boiler Flues, 

o0' x V 6" 

W xV 5" 

28' x 6' 

28' x 6' 

Diameter, .... 
Area of Fire Orates (Total) 

2' 8" 

rr- 

8' 6” 

8' 6" 

Square fi’eet, .... 
Number of Honrs of Trial, 

23 

33 

45-4 

84 

10 

10 

168 

168 

Designation of Goal, . 

Bituminous 

(Small) 

Welsh (Small), 

Bihrmnous 

(Slack) 

Welsh 

Goal Consumed (Total), . 

Goal Consumed per Hour per 
Square Foot of Fire Grate, 
Water Evaporated per Hour 

2 tons 13 cwts 

8 tons 4 cwts 

91 tons U> cwts. 

37 tons 10 cwts 

27 lbs. 

21 7 lbs 

26 9 lbs. 

6 lbs 

per Boiler, .... 
Water Evaporated per lb. of 

5,830 lbs. 

5,020 lbs. 

2,525 lbs. 

1,083 lbs. 

Fuel. 

Prioe of Fuel per Ton, 

Goat of Fuel per 10,000 Ibfl. of 

8 98 lbs 

7 lbs. 

8-25 

8-65 

13/- 

16/- 

13/- 

16/6 

Water Evaporated, 

m 

9/4 1 

7/4 

8/6 


Green’s Fuel Economiser. — Messrs. E. Green & Son’s Economiser 
consists of a series of cast-iron pipes, arranged in sections of various 
widths to suit existing circumstances, and placed vertically in the main 
flue through which the escaping gases from the boilers pass to the chimney. 
The pipes are 4 inches internal diameter and 9 feet long, and are con- 
nected together by top and bottom boxeB and branch pipes. The exterior 
of these pipes is kept clean by sets of scrapers attached to chains actuated 
by the overhead gearing which is kept in motion by a small steam engine 
or water motor, all as shown by the accompanying general view. All 
joints are bored, turned, and pressed together with hydraulic machinery, 
and are now constructed to work at very high pressures. The feed- water 
is passed through the economiser on its way to the boilers, and thereby 
absorbs heat from the hot cases as they pass to the chimney. The saving 
in fuel varies, according to circumstances, from 15 to 25 per cent, as shown 
by the data in the accompanying tables. 
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* The steam in this teat contained 13 per oent. of moiatura. t Thewrteam was anperheated 50* Fahr., December 17th, and 63* December 18th. 
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The Hopkinson-Ferranti Steam Stop Valve.— This comparatively 
new and novel form of stop valve was devised a few years ago by the well- 
known Eleotrical Engineer and Inventor, 8. Z. de Ferranti, and it is made 
by J. Hopkinson &£Jo., Limited, 1 Britannia Works, Huddersfield.* 

The Principle of Action . — The principle upon which the valve acts is 
the same as thg-t taken advantage of in the “Venturi Water Meter.” 
And, therefore, both depend for their action upon the fundamental 
principle, as explained by “Bernouillds Theorem,”* viz. When a fluid 
is flowing in a perfectly smooth pipe (of uniform or of varying oross- 
section), it possesses kinetic energy in virtue of its motion , in addition to 
the potential energy due to its position and pressure energy due to its head 
or pressure ; and the total energy at any cross-section is the sum of these 
three energies. 

Now, looking at the two figures opposite, we see from the longitudinal 
seotion, that if the steam comos from a boiler through a pipe of uniform 
section (at, say, 100 feet per second) towards the valve, then, when the 
valve is full open, the steam passes through a contracting nozzle leading to 
the throat. In doing so, its pressure energy is converted into kinetic energy , 
and the velocity of the fluid is increased in the ratio of the cross-area of 
the steam pipe to that of the thro it, which is usually made 4 to 1. After 
the steam gets through the throat, it passes towards the engine along a 
diverging nozzle. In doing so, the kinetic energy is converted back into 
nearly the same pressure energy by recompression, and hence the steam is 
then nearly of the same pressure and velocity as before. That is, if the 
steam pipe on the outlet side of the valve is of the same diameter as the one 
from the boiler to the valve, and if the inner surfaces of the converging 
and diverging nozzles and of the throat are perfectly smooth 

The student will observe that the weight of steam passing any cross- 
section must be the same. Consequently, the total heat energy* in the 
steam must be the same at each cross-section of the nozzles and throat, 
except for any loss due to friotion and eddying. Hence, if at any cross- 
section the pressure is less the velocity must be greater, and vice versd. 

The two most important things to be observed: — First, it is very important 
to have a perfectly smooth throat. This is accomplished by a special 
design of the eye-piece, which is truly guided whilst being drawn into a 
central position. Any want of smoothness in the throat causes most 
serious eddying of the steam, upsets the action, and results in a consider- 
able drop of pressure through imperfect reoompression. 

Second, it is of great importance to have the outflow cone of suitable 
dimensions, so that there may be a minimum loss in kinetic energy, and 
hence of steam pressure. 

The form adopted is the best compromise between what is theoretically 
right, and what can actually be constructed in practice, and this was 
determined by a series of careful experiments carried out by Mr. Ferranti. 

At first, most practical engineers looked upon this stop valve as a 
perfect “paradox.” But now that its principle is becoming better under- 
stood, whilst its action, construction, and many advantages are rapidly 
converting the most sceptical. Since the valve seats and discs are made of 
Hopkinson’s “ Platnam ” metal, this stop valve is specially suitable for use 
with high-pressure superheated steam, even up to 750° F. 


*See the Author’s Applied Mechanics and Mechanical Engineerir\g , 
Vol. IV. on Hydraulics, dsc., Lecture IV., Seventh or later Edition, where 
Bernouilli’s Theorem is stated, illustrated, and proved mathematically. 
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• Lecture XVII.— Questions. 

1. Sketoh a section through a f ingle tube or Cornish boiler, with a fire- 

grate inside the tube. Also describe, with a sketoh, a safety valve, as 
applied to such a boiler. * 

2. Describe, with sketches, the construction of a Lancashire double- fined 
boiler. Show the position of the necessary fittings. 

3. Sketch a section of a cylindrical land boiler, with two internal furnace 
tubes. Describe thq mode of constructing the tubes so as to allow for 
expansion or contraction, and to prevent collapse. Show the manner in 
which the jhell is strengthened by gusset stays. 

4. Describe, with a sketch, an ordinary cylindrical land boiler with flat 
ends and internal flues. Enumerate the principal fittings and their uses. 

6. Sketch the front view of a Lancashire boiler, showing all the necessary 
fittings. State the uses of the principal parts in giving an index of them. 
Also describe any apparatus for indicating the height of the water in land 
boilers with sketch and reference table. 

6. Sketch and describe any form of breeches-flued boiler, and point ou» 
briefly its distinctive features. In what respect does this boiler possess an 
advantage over the Lancashire boiler ? 

7. Sketch and describe, with index of parts, any form of water tube 
boiler with which you are acquainted, and state what advantages this form 
of boiler has over ordinary cylindrical boilers. State also its disadvantages. 

8. Describe fully by sketches a vertical cross tube boiler, and describe 
the several workshop processes by which such a boiler is constructed. 

9. Describe the form of water tubes usually fitted to cylindrical land 
hoilers, and show how they are fitted in. 

10. Sketch and describe the best form of manhole for a boiler with yhich 
you are acquainted. 

11. Sketch and describe two methods by which the internal tubes of a 
Lancashire boiler are strengthened against collapse. Name the advantages 
claimed for the plans you select. 

12. Sketch a transverse section through a Lancashire double-flued 
boiler. Enumerate the principal external fittings, and their uses. Describe, 
with a sketch, the construction of the internal flues, stating the reasons 
for the particular arrangement shown. 

18. Describe, with sketches, any boiler with its fittings and flues. Thus, 
for example, if you choose a Lancashire boiler, show the staying of the shells, 
the way in which the flues are helped to resist collapse, the brickwork 
Beating, &c., Galloway or other flue tubes, how the feed water enters, and 
the steam is taken ofl, as well as the usual fittings. If the boiler has tubes, 
sketch and describe a boiler-tube ferrule, and say what are its advantages, 

14. Describe, with sketches, a boiler of any kind with whose obstruc- 
tion you are well acquainted. Describe the various kinds of joints adopted 
in its construction. Sketch the ends of the stays, or stay tubes if these 
are used. Sketch a stop-valve of a boiler, and show how the steam is 
taken away with the least chance of priming. 

16. Describe a mechanical stoker and how it works. Under what cir- 
cumstances is its use preferable to hand-firing ? 

16. Describe, with sketches, the construction of a vertical steam boiler, 
explaining carefully how additional heating surface to that of the firebox 
top and sides is usually obtained. 
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MARINE BOILERS— CAUSES AND PREVENTIVE MEASURES 
. FOR CORROSION OF BOILERS. • 

Contents. — Rectangular, Oval, and Cylindrical Boilers— Single-Ended and 
Double-Ended Boilers— Boilers of S.S. St Rognvaid with Specification 
— High-Pressure Boilers of S.S. Arabian — Boilers of S.S. Inchdune— 
Heating and Purifying the Feed-Water — Shanks’ Small Vertical 
Marine Boiler for Steam Tugs — Corrosion of Marine Boilers, with 
Causes and Preventive Measures — Tables and Method of Testing 
Water for Corrosiveness — Questions. 

Rectangular Boilers. — The old marine boilers were all made 
rectangular ; an i they continued to be made of that form so long 
as steam pressures below 35 or 40 lbs. per square inch were in 
use for marine engines. In modern practice, however, owing to 
the use of steam at a pressure greatly exceeding the above, 
boilers of this form are no longer manufactured, and few of them 
are in use except amongst the war-ships of the Royal Navy. As 
compared with the modern cylindrical boilers, working at the same 
pressure, they occupied less space in the ship for a given power, 
but they were heavier, owing to their form and the enormous 
number of vertical and horizontal stays required to support the flat 
sides ; and being more difficult to construct they were therefore 
more expensive. They had, however, owing to the rectangular 
form, more steam space for the same amount of grate and heating 
surface. Rectangular boilers were constructed with any required 
number of furnaces, usually 3 or 4 for large powers, and the 
furnaces were arched on the top and bottom, and had flat side*. 
Boilers of this form were classified into dry bottom and wet 
bottom boilers. In dry bottom boilers, there was no water space 
underneath the furnace flues; there was in fact no bottom 
to them, simply recesses forme'd in the bottom of the boiler : 
whereas, in wet bottom boilers, the furnace flues were formed 
entirely inside the boiler, with a water space underneath. 
Rectangular boilers were as a rule tubular boilers, and the 
arrangement and position of the tubes were, except in a few special 
forms, similar to those in the modern cylindrical marine boiler — 
the flame and products of combustion passed from the furnace 
flue into a combustion chamber at the back of the boiler, and 
returned through a series of tubes situated above the furnace 
flues into the smoke-box, and thence passed up the uptake to 
the chimney. * 

Oval Boilers. — To economise space and obtain some of the 
advantages of the old rectangular boiler, marine boilers are some 
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times made with flat sides and semi-circular at the top and bottom, 
and are known as oval boilers. The flat sides require to be bound 
together by transverse stays, which are made to pass between the 
rows of tubes. These boilers are simple to construct and work 
economically, and the thickness of* the shell plates is less than 
would be required for a cylindrical boiler of same power and 
capacity, since the thickness is determined by the diameter of 
the semi-circular part at the top and bottom. 

Cylindrical Boilers. — Modern steam boilers which have to 
resist very high pressures have their shells made cylindrical, 
since that is the only form for which staying is not necessary, 
and the flues are also made of this form. Cylindrical marine 
boilers are made either single- or double-ended — ue. f the boiler is 
fired from one end or from both ends. The former contain from 
two to four furnaces, and the combustion chambers are variously 
arranged. 

(1.) In single-ended boilers , when there are two furnaces there 
may be one combustion chamber common to both, or a separate 
combustion chamber for each furnace. The latter is the better 
arrangement, since, if any slight fault such as the leaking of a 
tube occurs in one combustion chamber, it may be repaired 
without the necessity of drawing both fires and blowing off 
steam. 

When the boiler has three furnaces, there are almost invariably 
three separate combustion chambers, since, no other equal divi- 
sion can be arrived at. 

If there are four furnaces in the boiler there are usually 
either two or three separate combustion chambers. When two 
combustion chambers are fitted, each pair of side furnaces 
communicates with the same combustion chamber ; and if three 
combustion chambers are fitted, the two central furnaces have a 
common combustion chamber, and the side furnaces have 
separate combustion chambers. 

(2.) In double-ended boilers , the combustion chambers are 
arranged independently of the number of furnaces. 

A very common and efficient plan is to have opposite furnaces 
connected to the same combustion chamber. Another arrange- 
ment gives one common combustion chamber for each end set of 
furnaces ; while in the third, which is the heaviest and most 
expensive method of all, each furnace has a separate combustion 
chamber. 

The arrangements of combustion chambers given above, are 
those usually met with in actual practice, although other 
plans may semetimes be adopted. c 

Boilers of S.S. “St. Rognvald."— The following illustration* 





Longitudinal Section -Scale } Inch=1 Foot. 

S for Outside Shell. T P for Tube Plates (front and 

,, Furnaces. back), 

C „ Combustion Ch^nbers. BP „ Back-end Plate. 

„ Tubes. LJ ,, Lap Joint, in circumfer 

P „ Front-end Plata antial seams. 
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Half-End View and Cross Section— Scale \ Inoh = 1 Foot. 
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represent the boilers of tie S.S. St. Royuvald , constructed by 
Messrs. Hall, Russel? & Co., of Aberdeen. * 


SPECIFICATION OF MAIN BOILERS S.S. “ST. ROGNVALD." 

General -To be two in number, cylindrical, multitnbular, and fired from 
one end with four furnaces in each. To be made of mild steel (Siemens’ 
prooess), with the exception of the tubes. 

Shells,— Each boiler to be 15 feet extreme diameter, and 10 feet 5 inches 
long. The plates to be $ inch thick, in two lengths fore and aft. The 
circumferential seams to be lap-jointed and double-riveted with rivets 1| 
inches diameter, and 6$ inches pitch ; the longitudinal seams to be made 
with double butt-straps 12j inches broad, $ inch thick, and double-riveted 
with rivets 1$ inches diameter and 5 inches pitch. 

The end plates to be inch thick, flanged all round, and double-riveted 
to shell. The whole of the rivet holes to be drilled 1 inch diameter before 
the plates are bent, and after they are bent they are to be fitted together 
and the holes drilled out in place to fit the rivets. 

The edges of plates to be planed all round, and the seams of shell to be 
oarefully caulked inside ana outside. A baffle plate to be fitted to the 
fronts of each boiler above tubes. 

Furnaces. — To be four in number for each boiler, 3 feet 4 inches outside 
diameter, and 7 feet long, plates to be ^ inch thick, and the top plate to be 
in one piece and jointed to the bottom plate by double butt-straps { inch thick 
and single riveted. The whole of edges of the plates and butt-straps to be 
planed and caulked outside and inside. 

Combustion Chambers. — The two centre furnaces to have one combustion 
chamber common to both. The two side furnaces to have each a separate 
combustion chamber. The back and side plates to be & inch thick, and 
stayed with screwed stays 1£ inches diameter at bottom of thread, and 
pitched 8? inches apart ; made of mild steel, and fitted with nuts at both 
ends. The tops of these chambers to be curved to the arc of a circle 
of 28 inches radius. 

Tubes.— To be of iron, lap-welded, 249 in number (in each boiler), and 
3$ inches external diameter, and No. 9 B. W.G in thickness, swelled at front 
end to 3§ inches diameter. The stay tubes to be 75 m number (in each boiler) 
31 inches external diameter, and ^ inch thick. These tubes to be screwed into 
back tul$e plate, and fitted with nuts on combustion chamber side, and to 
be secured into the front tube plate with nuts on each side. 

Stays.— The longitudinal stays in steam space to be 2$ inches diameter at 
bottom of thread, made of mild steel aod pitched 16 inches apart. Washers 
7i inches diameter, $ inch thick, to be fitted to each of the stays at both 
ends of boiler (outside). The end plates of the boiler to be tapped, and 
stays screwed in, to a good fit, and afterwards caulked. The whole of the 
staying to be sufficient for a working pressure of 90 lbs. per square inch. 

Steam Domes. — One on each boiler 3 ft. 6 inches diameter, and 7 ft. long, 
with plates 4 inch thick. • The longitudinal seams to be lap-jointed and 
double riveted ; the circumferential Beams to be lap- jointed and single riveted- 
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The end plates to be J inches thick, and dyhed to a circle 24 Inches radius, 
and fitted with,one steel stay in the centre, 2f inohea diameter at bottom of 
threai The domes to be connected to the boilers by strong neck pieces 
16 inches diameter inside, and 1£ inches long, and double riveted to shells 
of dome and boiler. t 

Manholes . — To be cut in the shells of the boilers where required, and to be 
fitted with wrought-iron doors, studs, bridges, &c. , and compensating rings 
of flat plate, or angle-iron fitted round them, and double riveted to shell. 
Testing .— The complete boilers and steam domes to be tested with water 

f iressure to 180 lbs. per square inch, before leaving the works, without any 
eakage or si^nB of weakness. 

Boiler Fixings.— The boilers to rest on very strong wrought-iron seats 
riveted to the ship’s floors, with double angle irons on the floors. The seats 
to be well stayed in a fore and aft direction. The upper part of boilers to 
be securely fastened to the ship’s beams, in such a way as to allow for the 
boiler expanding without opposition from the stays. 

Lagging . — After the boilers have been fixed in the vessel and tested to 90 
lbs. steam pressure, their upper parts and the steam domes are to be covered 
with an approved non-conducting composition, to extend round as far as the 
centre of the wing furnaces, and then to be sheathed with sheet lead or 
galvanised iron, bound with strong iron hoops. 

Boiler Mountings .— Each boiler to have two spring loaded safety valves 
444 inches diameter, with easing gear led to engine-room platform, one steam 
stop valve 7 inches diameter, one valve for steam to winches and cranes 2^ 
inches diameter, one valve for steam to whistle, one surface blow-off valve, 
one bottom blow-off valve, one main feed check valve, one donkey feed 
check valve, one salinometer cock, two sets of asbestos packed gauge cocks; 
also an efficient means of circulating the water in boilers while steam is 
being got up. The whole of the above valve chests to be of cast-brass, 
with the exception of the safety valve and stop-valve chests. 

Furnace Mountings . — The furnace fronts, doors, and centre bar-bearer, to 
be made of wrought-i,ron, and the dead plates and bars of cast-iron. 
Furnace fronts below dead plate to be fitted with damper doors, with a 
rack to keep them open to the desired amount. A wrougnt-iron door to be 
fitted to lower part of bridge bearer in each furnace, so that ashes or coal 
thrown over the bridges may be removed. 

Uptake and Funnel.— The uptake to be formed of 4 inch and ^ inch 
wrought-iron plates, with an air space of 2 inches between them. The 
smoke-box doors to have shield plates both outside and inside, and very 
strong hinges with brass pins riveted in. The funnel to be formed of { inch 
and & inch plates, 43 feet high from firebars, and 6 feet 6 inches diameter, 
with all necessary hoops and shackles for stays, &c. 

Boilers of S.S. “Arabian.” — As an illustration of boilers which 
work at a very high pressure, we have selected that sfiown in 
the following diagrams, which is the boiler of the S.S. Arabian 

(the engines of which were described in Lecture XXIII., 
Vol. I.), and was constructed by Messrs. Rankin <fe Blackmore, 
Greenock. The engines are of the triple-expansion type, and 
the boiler pressure is 150 lbs. per square inch. 

This boiler is single-ended, and is 10 feet 6 inches diameter, 
and 9 feet 5*J inches long. It has two furnaces, 3 feet diameter 
(minimum), constructed of Fox’s corrugated steel plate ^ inch 
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thick, and each furnace has a separate combustion chamber. 
The shell .plates are ) of steel 1 inch thick, ancT the shell iB 
constructed in three rings, which are united together circum- 
ferentially by double- rive tec^ lap joint*. These rings are jointed 



longitudinally by treble-riveted butt joints, provided with double 
straps or cover plates, inch thick. The rivets used are of 
steel, 1 inch diameter, and, in the case of the longitudinal 
joints, they are placed at inches pitch. The end plates are 
made in three pieces, and are fixed together by double-riveted 
lap joints, and flanged to meet the shell and the corrugated 
furnace flues. The furnace flues are flanged at the back ends, 
and riveted to the combustion chambers. The combustion 
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chambers are flat on the top, and deformation is prevented by 
girder-plate crown stays, OS, fitted with three If inch steel 
bolts for each stay. The screwed stays, S S, at the backs of the 



Boilfr oi S.S. w Arabian,* • 

O S for Outside Shell. B B tor Fire Brick Bridge. 

C F ,, Corrugated Furnace Flues. M ,, Manhole. 

CC ,, Combustion Chambers. ID „ Inspection Door. 

T „ Tubes. L S ,, Longitudinal Stays. 

ST „ Stay Tubes. CS „ Crown Stays. 

FTP ,, Front Tube Plate. S S ,, Screwed Stays. 

BTP ,, Back Tube Plate. SB ,, Smoke-Box. 

F D ,, Furnace Door. G P ,, Guard Plates for L S note 

F B „ Furnace Bars. U „ Vptake to Funnel. 

C B ,, Cross Bearer for furnace ban. 
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combustion chambers^ are Ilf steel 1J inch diameter, with the 
exception of those forming the outside row, whicfi are 1 J inch 
diameter. All these stays have n^ts on both ends. The flab 
sides of the combustion chMnbers are stayed by l|-inch steel 
stays with nuts on the inner ends only, the outside ends being 
riveted over. The boiler contains 122 tubes T, 3J inches 
diameter, of which number 40 are stay tubes S T, whilst six 
otfrets are screwed into the back tube plate DTP, and beaded 
over on the front ends. The stay tubes ST, are screwed into 
the back tube plate BTP, and have double nuts on the front 
ends. The stay tubes are T ^- inch thick, and the ordinary tubes, 
No. 9, W.G. thick, or T48 inch. The upper part of the boiler, 
and also the lower part below the furnaces, are stayed by steel 
longitudinal stays LS, 2$ inches in diameter at the body, with 
2J-inch screws. A stay tube running through to the front plate 
below the smoke-box, is also provided on each side of the 
boiler, as shown in the end elevation, to support that part of 
the combustion chamber into which it enters. The manhole on 
the top of the boiler is fitted with a ring 6 inches broad and 
1 inch thick, to compensate for the loss of strength of the plfytf 
in which the hole is cut. 



Detail Views, showing Method of Welding th* 

Boiler Plates foe S.S. “Inchdune.” 

Boilers of S.S. “ Inchdune.” — These boilers are of the ordinary, 
single ended, Scotch type, two in number 13 feet in diameter 
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by 10 feet in length. The? are constructed to carry the very 
high steam pressure 267 lbs. per square inch*! This high 
pressure necessitates the use of ve^y strong stays and a shell 
plate 1J! inch thick. The $hell is made of three plates, butt- 
jointed, with inside and outside covering plates. The shell is 
flanged at each end, and, to render this possible, tlie plates were 
welded for a short distance, as shown by the detailed views. 
Since the loss of heat by radiation may be very great, extra 
attention was paid to the lagging of the boilers and the steam 
pipes. The starboard and port boilers are worked with Ellis 
and Eaves’ system of induced draught. The induced draught is 
effected by two fans placed in the uptake to the funnel. These 
fans remove the spent gases from the boiler tubes, and cause a 
partial vacuum into which the air for combustion enters by 
passing through the furnaces. The efficiency of the boiler is 
still further increased by the use of Serve tubes and arch-ribbed 
furnaces. 

Heating and Purifying the Feed-Water. — In all high-pressure 
boilers special attention should be given to the treatment of 
the feed-water before it enters the boilers. The feed-water 
should be of as high a temperature and as free from impurities 
as is economically possible. It is also important that the 
internal surface of the boiler should be protected against 
oxidisation. For this reason, the air held in suspension in 
the feed-water should be got rid of. To affect this, the feed 
is pumped from the hot well through a pair of filters to a 
contact heater, as mado by G. <k J. Weir, of Glasgow, where its 
temperature is raised to about 223° Fah., and where any air it 
may hold is eliminated. From this contact heater it is passed 
by means of a pair of Weir’s feed-pumps through a surface 
heater to the boilers. The temperature of the feed-water when 
in the surface heater should be. about 400° Fall., or nearly that 
of the steam in the boiler. 

Small Vertical Marine Boiler for Launches and Tugs. — 
In Lecture XXI., Vol. I., we illustrated and described a small 
pair of non-condensing marine engines, by Messrs Shanks 
& Son, of Arbroath, for use in steam launches, yachts, and 
small screw-tugs. It is of importance in such cases to minimise 
the longitudinal space occupied by the boiler as much as pos- 
sible, and with this object in view, the above makers have 
adapted their vertical niultitubular boiler described • in the 
last lectuie. 
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The accompanying illus- 
tration will still further 
explain the internal con- 
struction of this form of 
boiler, as a sectional plan 
is shown in addition to 
the vertical section. 

Great heating surface, 
easy repair, non-liability 
to prime, tubes easily 
brushed out, and the 
fact, that any sediment ' 
which may collect in the 
central fire-box tube can < 
be quickly removed by 
simply opening a blow- 
off cock fitted on the 
outside shell to which 
is attached an external 
syphon pipe, are several 
of the advantages claim- 
ed for this arrangement 
Further, no fire-brick de 

flectors or internal linings 

are used, neither is flu* 
shell weakened 4 by 
cutting it away to admit 
the tubes, nor bolted to- 
gether by flanges, while 
the centre of gravity of 
the whole boiler is kept as 
low as possible to insure 
stability in the small 
vessels for which it is 
^adapted. The whole 
boiler is made of Siemens- 
Martin steel. 






Shanks’ Vertical Marine Boiler fob 
Launches, Yachts, and Small Tugs. 
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Corrosion of Boilers— Causes and Preventive Measures.*— The 
principal causes of corrosion in marine boilers are : — (If Sea water, (2) 
animal and vegetable oils, (3) air, (4) galvanic action. 

(1) Sea Water, — Sea water varios in composition to a very considerable 
extent, but the following analysis may be taken as giving aoout the mean 
average quantities of the various constituents : — 


Analysis of Sea Water, with Percentages of the Various Amounts 
of Solid Matter. 


Substance 

Grains per 
Gallon. 

Lbs. per 
Ton 

Percentage 

of 

Total Solid 
Matter. 

Percentage 
per Gallon 

of 

Sea Water. 

Carbonate of lime (CaC0 3 ), 
Sulphate of lime (CaS0 4 ), . 
Sulphate of magnesium \ 
(MgSOj, . . . f 

Chloride of magnesium \ 
(MgClj), . . . J 

Chloride of sodium (NaCl), 

9-20 

112-45 

160-26 

261-91 

1,870 86 

*285 

3'478 

4-957 

8101 

57-871 

•4 

4-7 

6-7 

10-9 

77-3 

•013 

•16 

•23 

•374 

2-673 

Total, . 

2,414-68 

74-692 

100-0 

3-440 


N.B*— Seeing that there are 70,000 grains in one gallon, or 10 lbs., of 
water, each of the above quantities are supposed to be froo from any H a O 

or water. 

Under certain conditions, sea water in immediate contact with heated 
copper, brass, iron, or steel surfaces becomes acid, by the conversion of 
the chloride of magnesium into hydrochloric acid and magnesia. The 
hydrochloric acid dissolves a certain quantity of iron from the boiler 
surfaces, forming chloride of iron ; as soon as the chloride of iron is formed 
it is decomposed by the magnesia already liberated, precipitating oxide of 
iron and reforming chloride of magnesium. The oxide of iron deposited is 
ferrous oxide and is black, and remains so unless air is allowed to get into 
the boiler, when it becomes ferric oxide and changes in colour from black 
to brown or red. 

If corrosion is to be prevented sea water must be kept out of the boilers , and 
this can only be attained by making and keeping the condensers tight. 

Rendering Sea Water Non-Corrosive. — To render the sea water which 
contains\he above substances non-corrosive, about 8 lbs. of quicklime or 
45 lbs. of soda crystals per ton would be required. Such large quantities 
are, of course, prohibitive when there is any considerable leakage of sea 
water with the boiler feeU 


* The author is indebted to Babcock A Wilcox, Limited, for the kind 
permission to abstract a quantity of this useful information from their 
excellent treatise on their “Water-Tube Marine Boilers.” In Reckoning 
the percentage of total solid matter and percentage per gallon of sea water, 
he did not think it was woAh while to take the exact weight of a gallon of 
sea water as 71,820 grains as against 70,000 grains of pure water. 
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The use of lime has the further disadvantage, that out of the 8 lbs. men* 
tioned above, 5} lbs. would be deposited in the form of Beale. Sea water 
itself has sufficient sulphate of lime to produce 3£ lbs. of soale for every 
ton, so that, if the proper proportion of lime be added, altogether the 
quantity of scale which will be deposited* is 9$ lbs. Although this soale, 
when evenly coated over the boiler surfaces, may protect them from the 
corrosive action ‘of the chloride of magnesium, it is at the best oijly an 
expensive and unsatisfactory remedy, as it increases the consumption of 
fuel, and may damage the boiler by overheating when accumulated. 

Evaporators, —Evaporators are essential for making-up the loss of water 
due to leakage at glands and joints, but they must bo blown down before 
the brine becomes too concentrated ; otherwise the chloride of magnesium 
will be decomposed and give off hydrochloric acid, which will pass over 
into the boilers with the distilled water, and thus render the fresh make-up 
feed-water acid. The action of the acid formed in this way differs from 
that formed in the boiler by the decomposition of Bea water, inasmuch as 
it does not immediately afterwards become destroyed by re-uniting with the 
magnesia, but is carried in with the fresh make-up feed, and is held in 
solution throughout the entire volume of boiler water. It is thus in a 
position to attack all parts not protected by scale or otherwise. This is a 
point which demands careful attention, and is not sufficiently recognised 
dv marino engineers. On no account should the brine be allowed to get 
above /*. When this point w reached , the evaporator should he blown dawn 
and refilled with fresh sea water. 

Dock and Tidal Waters. — A very objectionable practice is to fill and 
start the boilers with dock, river, or tidal waters. Dock water iB a tidal 
water, and always contains a certain percentage of sea water, with other 
variable impurities. 

Soda and Lime Correctives.— As will be seen from the foregoing remarks, 
the use of either soda or lime should receive careful consideration. It is 
difficult to give any definite instructions as to the extreme limit to which 
it would be wise to go iL the case of introducing either soda or lime, since 
so much depends on the circumstances of each case, such as the density of 
the water, rate of working, and the time which must elapse before the 
boilers are next cleaned. 

Experience, however, points to tho use of lime as being the more gener- 
ally satisfactory on a voyage. Soda may be used in cases where the boiler 
water is acid through the density of the brine in the evaporator being 
excessive, and where no vegetable oil has been allowed to enter the boilers ; 
or, when entering port at the end of ttye voyage. 

A small amount of salt water is bound to get into the boilers, even under 
the most favourable conditions, through priming of the evaporator, or due 
to a slight leakage in the condenser tubes. It is an excellent plan to 
continually use a small quantity of milk of lime to neutralise Jthis sea 
water. One lb. of lime dissolved in fresh feed- water per 1,000 I.H.P. per 
day in the following manner may suffice, and the lime thus used should be 
the ordinary unslaked lime of commerce. It should be finely powdered 
and kept in a dry place. Then, the “milk of lime” is made by mixing 
about 1 lb. of this lime in a gallon of fresh pure water. It should be 
strained through wire gauze before use, in order to get rid of any lumps or 
solid impurities. 

Anti-corrosive for New Boilers.— When starting with new boilers on a 
voyage for the first time, 5 lbs, of lime should be put into the boilers 
through a manhole for every 1,000 I.H.P. Then, 2 lbs. of lime per day 
for every 1,000 I.H.P. should be passed through the hot well, as milk of 



corrosion op boilers. 


343 


lime, for about six days. For the remainder of the voyage about 1 lb. per 
1,000 I.H.P. per day. the end of the voyage the boilers should be 
examined to see if they have a thin coating of lime scale on their internal 
surfaces. If this is not the case, and ^he water shows a blaok or red 
colour, the use of lime should be continued. 

Daily Tests. — The boiler water should be tested daily by the graduated 
testing bottle or salinometer, and, if found to contain a largor amount than 
about 100 grains of chlorine per gallon, the use of lime should be increased. 

If the boiler water at any time be found acid, a solution of carbonate of 
soda should be added to the feed at the rate of a buckot of soda solution per 
hour until the water just turns red litmus paper blue, after which daily 
additions of soda or lime should suffice to keep the water in a safe alkaline 
state. 

Carbonate of soda is effective in changing sulphato of lime into sulphate 
of soda, which is soluble and therefore harmless Carbonate of lime, which 
is also formed, may be easily blown or washed out. 

In all cases on entering port, soda crystals dissolved in fresh pure water 
should be added to the feed, as this will tend to soften the scale and render 
the boilers more easily cleaned. 

The use of soda at sea in boilers into which vegetable oil has been 
allowed to enter is sometimes attended by trouble, on account of the soapy 
scum which forms on the surface of the water being carried over into tne 
H.P. cylinder by priming. In such cases lime alone should be used. 

(2) Animal and Vegetable Oils. — Another cause of corrosion in 
boilers is the introduction of animal or vegetable oil with the feed-water. 
By usinp such oils as lubricants in the steam cylinders, the exhaust Bteam 
carries it over to the condensers. Such oil, containing fatty acids, will 
decompose and cause pitting wherever the sludgy deposit can find a resting 
place ii\ the boilers. 

Use of High Flash-Point Lubricating Oils. — Only a minimum quantity of 
the highest grade of hydrocarbon oil (such as the best “ valvoline ”) should 
be used in the steam cylinders. In lubricating piston and valve rods, this 
same precaution should be observed Apart from the evil effects of acidity, 
the hydrooarbon deposited upon the heating surfaces of the boiler is most 
harmful. A thin film of this deposit forms a non-conductor, which pre- 
vents the heat passing through to the water, and causes the heating sur- 
faces to burn, blister, and crack. 

Filtering. — The feed- water should be purified on its way to the boiler by 
passing it through an efficient cleansing filter. 

Graphite is sometimes used in place of hydrocarbon oils as a cylinder 
lubricant. In fact, graphite is generally superior to oil, and especially 
bo when the steam pressure is as high as, say, 275 lbs. per square inch, 
whioh corresponds to a temperature of 400° F. ; but, in the case of highly 
superheated steam at, say, 500® to 600* F. , then it is found to clog the 
piston-riifjgs. 

Many marine engines are run without a particle of internal cylinder 
lubrication, except, what may be used in swabbing the piston-rods with 
pure hydrocarbon oil, under the care of careful competent engineers. 

(3) Air With Feed-Water. — Air has been a well-recognised cause of 
oorrosion for many years. Many instances of rapid corrosion have been 
proved to have been caused by the feed pumps sucking air from the hot 
well, and the feed being delivered to the boiler at a level considerably 
below the water line. 

Small bubbles of air expilled from the water on boiling, attach them- 
•elvea tenaciously to the heating surfaces. The oxygen in tho air at once 
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begins w&r on the iron or steel, and forms iron rust, making a thin orust 
or excrescence which, when washed away Viy the circulation or dislodged by 
expansion and contraction, leaves beneath a small hole or pit. “ Pitting, 
once started, progresses rapidly, as the indentations form ideal resting 
places for the bubbles of air, and at the same time present increased 
surfaces to be attacked. 

Fresh water at 32° F. absorbs 4 9 per cent, of its own bulk of oxygen ; 
at 50° F. 3‘8 per cent., and at 68 5 F. 31 per cent.; whilst salt’ water 
absorbs more air than fresh water. 

To prevent the introduction of air into the boiler, the hot-well water 
should be pumped to a filter tank situated 8 to 10 feet above the feed-pump 
suction valves. By so doing, a large amount of air rises and is liberated 
from the surface of the water, and a head of water at the suction valves 
of the pump is assured. Care should be taken to keep the pump glands 
tight, and to efficiently entrap any free air in the air vessels. 

(4) Galvanic Action. — Formerly, nearly all corrosion in boilers was 
attributed to this cause, and zinc slabs wore suspended wherever possible 
within the water space. The position of zinc relative to that of iron in the 
scale of electro positive metals, causes the zinc to bo attacked in preference 
to the iron or steel of the boiler whenever galvanic act ion takes place. 
Zino is, however, only attacked when the boiler water contains salt, 
because it is then electro-positive to the iron inside the solution. This 
action is merely another evidence of the presence of sea water in the boiler 
feed, and the fitting of zinc plates is only an expedient to minimise the 
action of the objectionable sea water. If the sea water be prevented from 
entering the boiler, the zinc will not readily act, and there will be little 
necessity for using it in large quantities, thus lessening a very expensive 
item in the working of marine boilers. 

Prevention by Zinc Slabs. —To afford efficient protection by the use of 
zino, there must be perfect metallic contact between the zinc slabs £nd the 
iron or steel shell of the boiler. The bolting of zinc slabs inside the drums 
of tubular boilers, and pear the entrance of tho feed -water, is recommended 
as of positive benefit. In fact, so long as the zinc slabs continue to oxidise 
and disintegrate within a boiler, it shows that they are confining to 
themselves an amount of harmful action which would otherwise act upon 
the iron or steel of the boiler. 


Method of Testing Water for Corrosiveness— The first thing is to 
see that the colour of the sediment of the water, as shown in the gauge 
glass, is neither black nor red. The only colour admissible is slightly dirty 
grey or straw colour. So long as the sediment of the water is red or black , 
corrosion is going on, and it must immediately be neutralised by the in- 
telligent use of lime or soda, with frequent soumming or blowing off of 
gome of the boiler water. The “ make-up ” feed-water is provided for by 
the evaporators. 

The ordinary salinometer is an instrument for determining 4he total 
quantity of solid matter in the boiler water. The apparatus here described 
gives a convenient and correct method of ascertaining the exact number of 
grains of chlorine in tho water to be tested. It contains one graduated 
bottle, one bottle of silver solution containing 4’738 grains of silver nitrate 
to 1 ,000 grains of distilled water, and one bottle of chromate indicator, 
whioh is a 10 per cent, solution of pure neutral potassium chromate. 

It must be clearly understood, however, that this apparatus merely 
determined the amount of chlorine which the boiler water contains per 
gallon. The solid matter per gallon corresponding to the chlorine is given 
m the following table 
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To make the Test.— Fill the graduated bottle to the zero mark with the 
water to be tested ; add one drop of the onromat* indicator and shake the 
bottle ; then slowly add the silver solution ; keep shaking the bottle. On 
nearing the full amount of silver solution required, the water will turn red 
for a moment, and then back to yellow ag^in when shaken. The moment 
it turns red and remains red , stop adding the silver. The reading on the 
graduated bottle* at the level of the liquid will then show the amount of 
chlorine in grains per gallon. For example, if a permanent red colour is 
shown when the level is midway between 150 and 200, there are 175 grain* 
of chlorine per gallon* 

The principle of the process depends upon the fact, that if some of thi* 
silver solution be dropped into water containing a chloride, a curdy white 
precipitate of chloride of silver will be formed. If there is also present in 
the water enough potassium chromate to give a yellow colour, the white 
precipitate will continue to form as before, owing to the silver having a 
greater affinity for chlorine than for the chromic acid in the chromate. 
But, at the moment when all the chlorine in the sample has been converted, 
the silver will attack the yellow potassium chromate, and chromate of 
silver will be formod, which is red in colour. The amount of chlorine 
present is, therefore, shown by the amount of silver solution required to 
oonvert it all to silver chloride, and the exact point when the chloride 
precipitate ceases to form is shown when the chromate indicator turns 
from yellow to red. 

It is not necessary to add the silver solution until the colour becomes 
very red, as the delicacy of the reaction would be destroyed, but the 
change from yellow to yellowish-red must be distinct, and must not change 
on shaking. The sample of water to be tested should be neutral, as free 
acids dissolve the silver chromate. If it should be acid, neutralise by 
adding sodium carbonate. Slight alkalinity does not interfere with the 
reaotion, but should the sample be very alkaline, it may be neutralised by 
nitric acid. 

Should it happen that the colour does not change within the limits of 
the graduations, the sample may be tested by diluting with distilled water. 
For example, add three parts of distilled water to one part of the sample. 
If then, on testing the mixture, the colour changes at 200, the number of 
grains per gallon in the original sample will then be four times this 
reading, or 800 grains. 

The chlorine should he kept down to the least possible amount— say, below 
100 grains per gallon — as the nearer the boiler water is kept to that of 
fresh water the safer the boilers are against corrosion. 

Examples.— A boiler containing 500 gallons of distilled water which 
has been impregnated with 500 ozs. of sea water (1 oz. to the gallon = 
266 grains of chloride per gallon) would, according to the following table, 
require little more than 3 '3 lbs. of lime, or 18 6 lbs. of soda, in order to 
make it neutral, and therefore non-corrosive. (The exact figure* would 
be: lime, 3’5 lbs.; soda, 196 lbs.) Whereas, a boiler containing 500 

g allons of water taken direct from the sea would require 17*5 lbs. of 
r e, or 98 lbs. of soda, in order to bring about the same result. 

While the amounts of lime or soda in the first case are well within prac- 
tical limits, and may be used in the boiler with advantage, those given for 
pure sea water might cause serious trouble. 

It must be clearly understood, that the following table is only given for 
the engineer’s information. It should not be taken as an instruction to bo 
implicitly followed for the amount of soda or limU to be used with various 
densities of sea water. The engineer can easily estimate the amount* of 



TABLE OF TESTS UPON FEED-WATERS FOR CORROSIVENESS. 347 


soda or lime he ii putting in from time to time and the amount of make-up 
feed that is being mtrodused into the boiler, by carefully following out the 
instructions given in the previous “Notes on the Corrosion of Boilera.” 

» 

Table showing the Amount in* Pounds of Lime or Soda required to 
Counteract the Corrosive effect which various Admixtures of 
SbIa Water would have in 500 Galls. (5,000 Lbs.) of Toiler Water. 


Lfcue In Lbs. 
for every 

500 Galls. 
Boiler Water. 

Chlorine 
Tests 
in Grains 
per Gall. 

Soda Crystals 
in Lbs. for 
every 500 Galls 
Boiler Water. 

Lime in Lbs. 
for every 

600 Galls 
Boiler Water. 

Clflorine 
Tests 
in Grains 
per Gall. 

Soda Crystals 
In Lbs. for 
every 500 Galls. 
Boiler Water. 

18‘48 

1,400 

10416 

9-24 

700 

52-08 \ 

17 82 

1,350 

100 '44 

8-58 

650 

48-36 

17-16 

1,300 

96-72 

7 92 

600 

44-64 

16-50 

1,250 

93 00 

7-26 

550 

40-92 

15-84 

1,200 

89-28 

6-60 

500 

37-20 

15-18 

1,150 

85-56 

5*94 

450 

33-48 

14-52 

1,100 

81-84 

5-28 

400 

29-76 

13- S 6 

1,050 

78-12 

4-62 

350 

26-04 

13-20 

1,000 

7440 

3-96 

300 

22-32 

12-54 

950 

70-68 

3-30 

250 

18-60 

11-88 

900 

66-96 

2-64 

200 

14*88 

11-22 

850 

63-24 

1-98 

150 

1116 

10-56 

800 

59-52 

1-32 

100 

7-44 

9-90 

* 

750 

55-80 

1 

■66 

50 

3-72 
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* Lecture X\ III - Questions. 

1. Enumerate tho different rlassos of marine boilers at present ill 
general use, and describe briefly their distinctive features. Give freehand 
sketches of each of these types, and state the maximum pressures at which 
they are worked. Why has the rectangular boiler been given up, and 
what two forms of rectangular boilers were in use 50 years ago ? 

2. Describe the construction of a marine boiler with four furnaces of 
modern type for high pressure steam. Sketch a cross and a longitudinal 
section, showing the water spaces, with a complete index of the various 

S arts. How are the flat surfaces stayed? Enumerate all the principal 
ttings. 

3. Describe the construction of, and sketch both in transverse and 
longitudinal section, a marine boiler. Mention some of the causes to which 
a loss of heat may be attributed when the boiler is in operation. 

4. Sketch and describe by an index of parts a cylindrical high-pressure 
marine boiler with two furnaces, showing the mode of construction and 
itaying, and descnbe the several processes employed in its constructioi 
from the commencement until its completion in the shop. 

5. Sketch and describe clearly how the furnace tube of a cylindrical 
marine boiler is constructed, and how it is attached to the combustion 
chamber and front end plates, and also how expansion is allowed for. 

6. Give a freehand sketch of a marine engine boiler, with all the necessary 
fittings in their relative positions ; name them and their respective uses. 

7. Referring to the description of the engines and boilers of the 
S.S. “Inchdune,” sketch and explain in detail the boilers, superheaters, 
and induced draught arrangements. Point out wherein these are novel or 
beyond ordinary current practice. *• 

8. Illustrate and describe any method of induced draught for marine 
boilers. How may the efficiency of a boiler be increased ? Why should 
the feed-water be hearted and purified before it is admitted to a high- 
pressure marine boiler ? 

9. Sketch and describe by an index of parts Shanks’ small vertical 
marine boiler for steam launches or small tugs. 

10. Give a table of analysis of sea water, and calculate the percentage 
weights of solid matter by reckoning the specific gravity of salt water 
as 1 026. 

11. Mention the chief causes of corrosion in marine boilers, and how 
these may be prevented. 

12. Explain clearly, by aid of a sketch and table, how you would test 
tho proportion of chlorine and total solid matter in feed- waters. What is 
meant by saying that tho saltness of wator is ^ or or /j ? and show 
how this curious fraction is used as a standard. # 

13. Describe in detail the method of testing water for its corrosive 
properties. State how you could best neutralise these evil properties in 
feed-water by an example. 

14. Describe the chief methods of producing a forced boiler draught, and 
point out the advantages and disadvantages of each. 
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WATER-TUBE MARINE BOILERS. 

Contents. —The Navy Boiler Question and the Docision of the Special 
Committee — Water-tubo Boilers— Belleville Boiler — The Babcock & 
Wilcox Marine Boiler — The Yarrow Small and Large Tube Types — 
Normand Boiler— Clyde Water-tube Boiler — Thornycroft Boilers of 
the “Speedy” and “ Daring ” Types— Comparative Trials of Water- 
Tube Boilers— Questions. 

The Navy Boiler Question and the Decision of the Special Com- 
mittee. — The vexed problem of the best class and kind of boilers 
for H.M. Navy occupied the attention of a Select Committee for 
nearly four years, from 1900 to 1904. They devoted a large 
amount of care and attention to the arduous task entrusted to 
them, and conducted exhaustive experiments on board several 
vessels of the Royal Navy. They brought all their expert know- 
ledge to bear upon the results of their own experiments, as well 
as upon the evidence and circumstances laid before them. 

On August 2, 1904, the “Final Report of the Committee” 
was issued. They find, that water-tube ^oilers are essential, 
and that the Yarrow large tube, together with the Babcock 
Wilcox boilers, are the best up to the present, for all large ships, 
without even the assistance of cylindrical boders. This is a 
most important change in the attitude of the said committee, 
for, in their previous reports, they expressed a preference for 
one-fifth of the boiler power in these large cruisers and battle- 
ships being of the cylindrical or Scotch marine system, and 
with four-fifths of the water-tube type. 

So many difficulties had arisen previous to the appointment of 
the cojnmittee, both inside and outside the British Navy, in 
regara to the working of the Belleville boiler, and so many 
accidents had originated with them, that the demand for their 
abandonment came from many quarters, although with the more 
recent and systematic system of firing they did very good work. 
Further, the almost unanimous decision, that the best days of 
cylindrical boilers for such vessels were past, caused the com- 
mittee to concentrate their attention and trials chiefly upon the 
Babcock <fc Wilcox, the Niclausse, the Durr, and the Yarrow 
large tube kinds, with the result that they were satisfied 
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with the first and the last of these four types of water-tube 
boilers. „ 

In the, Babcock <k Wilcox boiler the tubes wherein steam is 
generated are nearly horizontal ; whereas, in the Yarrow boiler 
they are nearly vertical. The committee say, that each of these 
two types has its own particular advantages, and that it can 
only be determined by long experience on general service which 
is the better boiler for naval requirements. They admit, how- 
ever, that in these two types the resources of engineering are by 
no means exhausted, and they bespeak an ample trial of any 
other type of boiler which may in the future seem to possess 
great merits, with the suggestion, that it should be first of 
all fitted and tried in a smaller vessel or in a second-class 
cruiser. 

In regard to small vessels of high speed the committee state, 
that from the nature of the case some form of “ express ” boiler 
with small tubes closely pitched is absolutely necessary in order 
to obtain such a ratio of output to weight of boiler as is now 
required for torpedo boats and destroyers. For small cruisers 
which have to remain long at sea and act with the fleet, it is 
probable that a boiler of the Yarrow large tube type would give 
better results than the “express” type hitherto adopted. 

The Durr boiler was the only one tried which was fitted with 
superheaters, but the results obtained from the same w§re not 
sufficiently convincing to enable them to express a decided 
opinion on the value of superheating as applied to naval boilers. 

We shall now devote a few pages with illustrations to a 
detailed description of a few of the best known and most 
approved types of water-tube marine boilers. 

Water-Tube Boilers. —Although this type of boiler has been the 
subject of many patents during the last seventy years, and has been 
frequently employed for land purposes within the last twenty years, yet it 
is only quite recently that they have bgen successfully applied to Bteamers, 
and more especially to war vessels of our own and foreign navies. The 
main objects in view in their adoption as marine boilerB have been : — 

(1) The reduction in weight of the engines, owing to the higher pressure 
of steam obtainable, and also of the weight of the boilers. 

(2) The raising of steam or the pressure as quickly as possible. 

(3) Reducing the quantity of water in the boiler, and hence the dead 
weight carried. 

(4) Reducing the risk of injury to firemen ; for, should a tube burst, the 
liberated steam can at once escape up the funnel. 

(5) The withstanding of sudden variations in temperature, duo to raising 
or letting down the steam quickly, or leaving the fire doors open. 
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Steam can be raieed within half an hour from cold water to a pressure of 
200 lbs. in some of the b^it wateiMube boilers; whereas, it qot unfrequently 
takes from three to ten hours to get up steam of the required pressure in 
the large cylindrical marine boilers of the type illustrated in Lecture 
XXIX. Also, the steam can be let dowYi very quickly by withdrawing 
the fireB and leaving the fire-do'brs open without causing any leakage or 
apparent damage to the boiler. Such treatment in thp case of large 
cylindrical boilers would most assuredly result in seriously damaging them. 
In a well-designed water-tube boiler the water circulates very rapidly 
throughout the whole system, and the temperature is thereby maintained 
more uniform than in the cylindrical boiler, where the water under the 
furnace flues is often quite cold, unless a hydro-kineter or circulating pump 
is used. This sluggish circulation and consequent difference m temperature 
between the upper and lower parts of the cylindrical marine boiler pro- 
duces severe stresses owing to unequal expansion of the plates, and oiten 
causes leakage at the furnace mouths and shell-joints. 

Water-tube boilers may be divided into two main classes. (1) Those 
possessing comparatively large tubes (of 3 ms. or more in diameter), inclined 
less than 30° from the horizontal. The Belleville and Babcock- Wilcox 
boilers belong to this class. (2) Those having small tubes (less than 2 ins. 
diameter), and inclined more than 30° from the horizontal, of which the 
Thornyoroft and Yarrow boilers are examples. These two classes may 
again be subdivided into (a) priming or foaming boilers, where the com- 
bined water and steam are delivered above the water line into the upper or 
steam drum, as in the Belleville and Thornycroft boilers ; and {b) drowned 
tube boilers, where the water and steam are delivered into the steam drum 
below its water level, as in the Babcock Wilcox, Normand, and Yarrow 
boilers. 

The following skeleton figure will serve to illustrate class (2) and its sub- 
divisions (a) and (6), more effectually than any worded description, while 



Skeleton Diagram of the “Drowned” and “Foaming” Types of the 
Small “Tube” Class of Water-Tube Boilkbs. 
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class (1) will be readily understood from the following illustrations of the 
Belleville and Babcock-Wilcox bdilers. 

Belleville Boiler,— This boiler belongs to the first or large tube class 
and to sub-division (a), since it is a priming boiler. It consists of from eight 
to ten sets of tubes at an inclination of 1 in 25, and placed side by side 
over the fire, together with a feed collector, a steam drum, and a mud 
drum. Each element is in the form of a flattened spiral of straight tubes 
screwed into junction boxes of malleable cast iron. These junction boxes 
are placed vertically above each other with the upper end of one tube on a 
level with the lower end of the next one. Holes provided with doors and 
cross bars are fitted to the front boxes for the inspection and cleaning of 
the tubes. The diameter of each tube is usually about 44 ins. The lowest 
junction box of each element is connected to a horizontal cross tube (called 
the feed collector) at the front of the boiler. The uppermost tube is con- 
nected to the lower part of the cylindrical steam drum, which is outside the 
boiler casing. A vertical circulating pipe or downcomer is also placed outside 
the casing, and connects the bottom of the steam drum with the mud drum. 
The upper end of the mud drum is attached to the feed collector. The 
water line is about halfway up the elements. The feed water, which is 
delivered into the steam drum at the end furthest from the downcomer, 
passes along the bottom of the same, and then down the external down- 
comer, through the mud drum, into the feed collector. It then enters' the 
elements, to be heated by the fire on its way upwards to the steam drum, 
where it is delivered as a mixture of water and steam. The water and 
steam are separated by dash plates, and the water, with the addition of 
any fresh feed, passes along the bottom of the steam drum again to the 
downcomer, as before. The feed water is supplied by duplex purnns, at a 
pressure of about GOO lbs. per sq in., and the admission is regulated by an 
automatic control valve of the float type. Before the feed water is pumped 
into th^ boiler it is mixed with lime, in the proportion of about 4 lbs. per 
1,000 I. H.P. every twenty -four hours, m order to aid the precipitation of 
oil and lime salts present in the water. These, qn being heated in the 
steam drum, precipitate in a finely-divided state and settle to the bottom 
of the mud drum. If they did not do so, they would adhere to the inside of 
the heating tubes and cause overheating by their forming a non-conducting 
lining, ana thus prevent the due absorption of the heat by the water. The 
steam, after leaving the boiler, passes through a separator (which is fitted 
with an automatic valve drain trap), then through a reducing valve to the 
engine. The effect of this reducing valve is to slightly superheat the steam 
ana ensure a supply of dry steam at a constant pressure to the engines. 
As long as the pressure in the boilers does not drop below that for which 
the valve is set, the engines receive steam at a constant pressure. 

Another feature of the Belleville system is the admission of jets of air 
at a pressure of 8 to 10 lbs. per sq. in. above the fire grate, with the object 
of thoroSghly mixing the gases and ensuring complete combustion of the 
fuel. The gases are caused to pass backwards and forwards among the 
tubes on their way to the chimney by bailie plates. 
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The Babcock and Wilcox Marine ^oiler (See the Facing Plate).— 
This boiler corsists of inclined tubes forming cfche bulk of the heating 
surface, a horizontal steam and water drum, and a mud drum. The tubes, 
which arc of seamless stool, are expanded at both ends into wrought-steel 
boxes or headers, and thus form vertical sections. By means of connec- 
tions with the si earn and water drum at the upper ends of these headers, 
the gleam generated in the tubes is liberated and water supplied to take 
its place. The furnace is underneath the nest of tubes, and the gases, as 
shown by the direction of the airows, come into intimate contact with all 
the heating surface. Tho furnaeo is lined with firebricks in the case of 
boilers for the Mercantile Marino, but, for Navy purposes (and in all cases 
where light weight is of importance), with fire-tiles bolted to the side 
plates. The whole boiler is enclosed in a special arrangement of iron 
casing, fitted with lire refractory material, which is very effective in 
preventing radiation of heat. The steam and wator drum is of large 
volume, and made of wrought-steel plates. Tho sinuous headers and 
mud di utn are made of v rough t stcol, and are of such ample strength, that, 
no stay-bolts are requited, with even the highest pressures. Opposite the 
end of each tube, or group of tubes, is an internal fitting or door, of oval or 
jquaio shape. The joint is made on the inside of the header by means 
of an asbestos wire-woven ring The door is drawn up into place by an 
outside bolt and nut, and dog, or cap. All the steam mountings, such as 
stop and safety valves, feed-cheek valves, water and pressure gauges and 
scum valves, are attached to the steam and water drum ; the blow-out 
valves are attached to the mud drum. The steam and water drum is 
fitted with wash platee to pi event undue motion of tho water when the 
ship is rolling. 

The sle.un generated in tho tubes rises vertically through the rear 
headers into the steam and water drum, whence the water returns to the 
front headers and tho tubes. Thus, there is a continuous circulation of 
water m one direction, and this continuous circulation gives water of an 
equal temperature m all the parts, so that undue stresses from unequal 
temperatures are avoided. The intetior of the boiler offers the greatest 
facility for cleaning, and, by means of doors arranged in the side casings, 
there is equal facility for the removal of soot. There is a firebrick roof to 
the furnace, extending from the front headers towards the rear, Vor about 
two-thirds of the length of the tubes between the headers. From the rear 
end of this furnace roof baffle plates of iron rise vertically, and direct the 
heated gases upwards. These plates reach to about two-thirds the height 
of the tubes in a section. Tho gases pass over the top of these plates, 
and are directed downwards by horizontally-inclined baffles (resting on the 
top row of the inclined tubes) and a second set of vertical baffles, as shown 
in the illustration. The gases pass under the lower edge of the second 
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get of baffle plates, rise up between tujs ami the front header, and pass 
by the steam drum amon<f the two top lows of return tube# and into the 
uptakes. (See the wave line % the Longitudinal Stction of the 

facing Plate.) # 

The feed-water enters the steam drum below the water loud, passing 
vertically through a oonti acted nozzle into the steam space, find is deflected 
downwards by a cover or guard into the watei spa. e, the an being hheiated 
before the feed-water enter- into the circulation. Thc^nater pait of the 
suspended matter m the feed wate. is deposited m the mud dium. The 
water in the tubes is heated by the dueet heat ot the furnat e gases 
while passing through the imbued tubes boiling water and the steam 
thus formed I lien use m the rear headeis, and pass through the return 
tubes into the steam and water (bum The watei is deile ted downwards 
by baffle plates, and the steam csiapcs tluomrh a diy pipe in the top 
of the steam and water drum to the mam steam stop valve. 
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Th© YaPTOW Boiler.— Thia kind of boiler belongs to the small tube 
type. It is, in general form, a tria gulaf prism, .the steam drum forming 
the apex, and the two lower drums j ith the fire grate, the base. It differs 
from most of the small tube boilers in having straight tubes, which are 
expanded into the drums. 9 # 

In the smaller sizes these drums are in halves and bolted together, but 
in the larger sises the steam drum is cylindrical and riveted, the ^wer 
chambers being semi-cylindrical or Q shaped, With a flange to which the 
tube plate is bolted. 



Perspective View of Yarrow Boiler without 
Casino and Fire Grate. 

• 

As first designed, these boilers had the drums carried outside the casing 
and downcomers fitted to permit the water to Oirculate from the upper to 
the lower drums, and thence up through the tubes again ; but in the more 
recent designs* these downcomers have been discarded. Mr. Yarrow has 
made numerous experiments, whioh have satisfied him that these are 
unnecessary. One of these consists of a model of a section of his boiler 
made with two glass tubes. He applies heat to one of these tubes, thus 
pausing a circulation of water up the heated tube and down the cold one. 



YARROW* BOILER. 
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On applying heat also to the cold tuNuthe circulation becomes more rapid. 
He then removes the source of ffeat fiom the up-take tutyi, still applying 
heat to the down-take one, and the »Ireulation continues as before. This 
proves, at least, that^if circulation is stated it is not easily stopped ; but 
there is no doubt that the ordinary tubes act alternately as up and down 
comers respectively. 

dLj tubes are expanded into tho tube plates and steam drum. These 
were originally made of copper, but at the high temperatures and pres- 
sures now in use, copper is unreliable, and besides which it is difficult to 



• Yarkow Boiler, 

Half Cross Section. Half End View, 

detect a flaw in a newly drawn copper tube, consequently steel tubes have 
been substituted and found quite satisfactory. The tubes in the Yarrow 
boilers for the Dutch (Jovernment afe 1^ in. in diameter by 5 ft. long, and 
are seldom fitted of less diameter than 1 in. 

The Yarrow boiler of H.M.S. “ Hornet,” which has a heating surface of 
1,027 eq. ft., and a grate surface of 206 sq. ft., and weighs, with its fittings 
and water complete, 5* 35 tpns, was found to evaporate 12,500 lbs. of water 
from 60° F. to 180 lbs. pressure per hour. In this case, the tubes were of 
eopper and 1 in. in diameter. Length of fire bars and steam drum were 
6^ ft. and 7J ft. respectively, and steam could be raisedsto full pressure in 
twenty minutes from lighting of fires. 
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Norm and Boiler. —The Norn/and boiler is somewhat similar to the 
“ Yarrow,” byt it has outside dovincom^rs andturved tubes, as indicated 
by the skeleton diagram at the banning of this article. This construc- 
tion renders it less liable to stresses during the rapid raising of steam, the 
forcing when at work, and the sudden tooling to which water-tube boilers 
are often subjected ; but on the other hand, should the necessity for the 
removal of a trube ari*e, many of the surrounding tubes have alse'to be 
displaced. 

•'Clyde Water-Tube Boiler.— This boiler, which is manufactured by 
Messrs. Fleming &»Ferguson, of Paisley, is shown in perspecti\e with .the 
outer casing removed, in following figure. Recently two of these boiler* 



The “Clyds” Watbr-Tubi Boilbr. 

«> 


were fitted into the Canadian cruiser “Aberdeen,” and they have been 
reported hpoi} favourably by the chief engineer. 

This boiler is also of the drowned tube typd; and resembles the Yarrow 
in form, but the tubes are curved, and are so arranged that any one of 
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them may be readily removed by willdrawing them into the upper drum. 
The diameter of the upger druni is 6 it., and that of the two lower drums, 
3 ft. The tubes are expanded intJthe top and bottom drums in the 
ordinary way, and are 2^ ins. diameter, except for a short length at the 
upper ends, where their diameter is increased to 2^ ins. They are placed 
zigzag, so that the flame from the furnace has to wind through them. 

ThornyCPOft Boilep. — Two forms of this boiler are shown by the 
following figures, and are known as the “Speedy” and Daring" types 
respectively. 

The Thomycroft is one of the most efficient forms of water-tube boilers, 
but is open to the same objections as the Noimand — \\z. , the use of curved 
tubes, which involve considerable trouble in their removal or replacement, 
examination, and cleaning. The tubes connecting the lower and upper 
drums enter the latter above the water level, thus constituting a boiler of 
the foaming type. The jets of water and steam from the tubes impinge 
against baffle plates, which cause the water to drop down into the steam 
drum, and allow the steam to pass freely without having to force its way 
through the water, as in the case of the drowned tubes in the Yariow and 
Normand boilers. 

In trials for economy, the Thomycroft boiler has evaporated as much as 
13'^ lbs. of water from and at 212° F. per lb. of coal when burning 7 lbs. 
of coal per sq. ft. of grate per hour. 

The earlier, or “ Speedy” type, has external downcomers, The newer, 
or “Daring” type, has the downcomets between the steam drum and the 
centre water drum, and a connection outside between the back ends of 
the centre water drum and wing drums, as shown at the extreme right- 
• hand of the semi-cross sectional figure. The outer casing is made of very 
thin galvanised sheet iron, with an inner thick lining of asbestos millboard, 
which thus prevents radiation and damaging of the casing 

Ontf advantage of the Thomycroft boiler, and particularly of the later 
type, is the large combustion chamber, which allows thoiough mixing and 
combustion of the gases, and must therefore greatly conduce to the economy 
of the boiler. / 

I. — Comparative Tablb of Tkials of Watkr-Tubk Boilers 
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Ll'CTlTK] XlfC — fibl-STIO^ 

1. Give a concise clear idea cf the 1904 finding of the Special Committoe 
ou,the Navy boiler question. 

2. « State the main objects to be kept in view in the adoption of water- 
tube boilers for steamships. Illustrate by diagrammatic sketches two main 
classes of water-tube boilers. 

• 3. Sketch and describe in detail the Bolloville boiler. State its good 
and bad qualities. 

4. Sketch and describe’ in detail the Babcock & Wilcox marine boiler. 
Point out its special features and qualifications. 

5. Compare by aid of sketches, with index to parts, the small and the 
large tube Yarrow type of boiler. State their respective qualifications for 
di nerent types of vessels. 

6. Sketch and describe in detail the “Speedy” and “ Daring” types of 
Thornycroft boilers. Compare their qualifications and special uses. 

7. Describe, with sketches, some one form of water-tube marine boiler 
with which you are acquainted. No fittings need bo shown. What are 
the most important things to remember when designing these boilers ? 

8. Desoribe, with the aid of a sketch, any type of reducing valve for 
reducing the pressure of steam from a higher variable to a lower constant 
pressure, explaining clearly its action and how the lower pressure may be 
adjusted. If tho pressure on tho boiler side of the valve bo 300 lbs. per 
square inch gauge (corresponding temperature 422° F.) and on the engino 
side be 250 lbs. gaugo (corresponding temperature 406° F.), calculate the 
dryness fraction on the engine side if that on the boiler side be ’95. 

• 

9. Describe, with the aid of sketches, the construction of one type of 
water-tube boiler as used in the Navy, and point out the special advan- 
tages of this type of boiler for naval purposes. • 

10. Describe, with as many detail sketches as you consider necessary, 
one of the following:— (a) A locomotive boiler; (6) a Belleville boiler; (c) a 
Lancashire boiler. Any staying used must bo carefully shown, and the 
method of calculating it explained, and the feed and steam valve arrange- 
ments fully explained. 



364 


NOTES ON LEp'l URK XIX. 



3^5 


LECTURE* XX. 

BOILER CONSTRUCTION. 

Contents. — Materials’ used in Boiler Construction — Wrought-iron, Steel, 

• Copper — Joints of Boiler Plates, Riveted J-mits, Punching and 
Drilling, Hand and Machine Riveting, Caulking, Welded Joints — 
Methods of Connecting the Parts of the Shell, and Flues— Staying of 
Boilers— Strength of Boiler Shells— Strength of Flues — Strengthening 
Hoops for Flues — Corrugated Furnaces —Questions. 

Materials used in Boiler Construction. — The earliest forms of 
ateam boilers were constructed chiefly of cast-iron, but on 
account of the low tensile strength of this material and its 
unreliable nature when subjected to the variable temperature 
and stresses in a steam boiler it has been abandoned for many 
years. 

Wrought-Iron . — Until the recent introduction of mild, soft 
steel, wrought-iron was the material which was almost exclu- 
sively employed for the construction of steam boilers. Wrought- 
iron possesses great tenacity, combined with the important 
qualities of toughness and ductility. It is therefore well adapted 
to reSist sudden strains and alterations of temperature, and does 
not give way suddenly or without warning. Also, its capability 
of being welded, forged, and flanged, adds to its value as a 
material for boiler construction ; whilst it is a matter of impor- 
tance that its strength is not influenced to any appreciable extent 
by a moderately large increase in temperature, such as high- 
presSure boilers are subjected to under ordinary circumstances. 

The average ultimate tensile strength of wrought-iron bars 
may be taken at 22 tons (or about 50,000 lbs.) per square inch ; 
the tensile strength of the best quality of bar iron being about 
25 tons (56,000 lbs.) per square inch. The average tensile 
strength of wrought-iron plates as used for boilers, is — 

\fath the grain = 21 tons (47,040 lbs.) per square inch. 
Across „ „ = 19 „ (42,560 „ ) „ „ „ 

The plates used in boilerm^king should all be of good quality; 
inferior plates give great troiTble and are always unsatisfactory. 
The plates require to ]$ass through some of the various processes 
of flanging, dishing, welding, punching and rolling cpld and in 



366 




Fractured longitudinal joint in a new boiler from the use of a brittle iron 
plate. Norwich explosion, 25th September, 1866. The plates were of 
Cleveland iron, and when tested by bending, broke off short. They were 
quite wanting' in ductility. 

Only a very good quality of plate will stand flanging with 
impunity; and where joints have to be welded, satisfactory work 
cannot be obtained with an inferior plate which is wanting in 
ductility. Many inferior plates have a high tensile strength, 
but are brittle and do not possess that toughness and ductility 
which are essential qualities when much forging has to be done. 
The plates of the furnace flues are the most important, since 
these are more severely taxed by variations of temperature 
(causing sudden expansions and contractions), than any other 
plates in the boiler., The plates of the furnace crowns are 
alternately in contact with the fierce hot flames from the fire, and 
the currents of cold air which rush into the furnace each time the 
firing door is opened. The constant straining of the plates which 
is thus induced is very trying, and none but plates of very good 
quality will stand it for a great length of time. The various 
brands put upon plates, such as Best , and Best Best } &c., are very 
misleading, the “treble Best” plates of one maker being no 
better in some cases than the “Best” plates of another. It is 
only by the use of efficient testing machines, careful chemical and 
microscopical analysis, that a thorough knowledge of the capabili- 
ties and nature of a given quality of plate can be ascertained. 

Steel . — This material has come into use very largely for boiler 
plates within the last few years, owing to the valuable properties 
it possesses when manufactured iij the mild form. Mild steel 
boiler plates containing about 0*1 per cent, of carbon are now 
manufactured by the Bessemer, Siemens and basic (Thomas- 
Gilchrist) processes, and have an ultimate tensile strength of from 
25 to 30 tons 'per square inch, with an elongation in test strips 
(8 inches long) of from 20 to 25 per cent. Steel plates with a 
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higher tensile strength than thisJare usually too hard and brittle 
for boilermaking purposes. t)wi& to the greater tensile strength 
of steel, boilers made of that njaterial are much lighter than 
when made of iron, and the 0 plates ’being thinner, the joints are 
more easily made tight. Good mild boiler steel plates also possess 
a ductility superior to wrought- iron, and are therefore more 
suitable where flanging has to be done. They can bo treated 
whether cold or hot by experienced workmen with the same 
freedom and usage as applied to malleable iron plates, except to 
a small extent in the c&se of welding, for the steel plates do not 
weld quite so freely as iron ones, and the welds are not so trust- 
worthy. Steel scrap, however, welds into blooms quite as freely 
as wrought-iron scrap, and the forgings are generally superior. 

There have been a few cases of the failure of boilers con- 
structed of steel, the plates of which had been tested before 
they were used and found to be of a good quality. These failures 
have engendered in the minds of some engineers a certain amount 
of distrust of this material. Steel plates are undoubtedly more 
severely injured by punching than iron plates, and should always 
be annealed afterwards. Much of the distrust which has been 
felt in the use of steel for boilermaking has been caused by the 
* use of plates quite unsuitable for that purpose, and their subse- 
quent failure. Engineers have in many cases been too anxious 
to avail themselves of the high tensile strength of steel, forgetting 
that in so doing they are sacrificing the all-important quality of 
ductility. Steel is undoubtedly superior to^ron as a material of 
construction for steam boilers, but great attention and care must 
be paid to its special properties and the methods of manipulation 
most suitable for it. Plates of a very mild nature, possessing 
moderately high tensile strength but great ductility, should 
invariably be used. Of all the tests applied to steel plates the 
bending test is the most valuable. 

Copper. — Occasionally, copper has been used for boilermaking, 
although chiefly for small boilers. It is a much better conductor 
of heat than iron or steel, the ratio of the conductivities of copper 
and iron being expressed approximately by the numbers 74 to 12. 
It weals better under the intense heat of the furnace, and gives 
a higher evaporative efficiency. It has also the advantage 


• See paper on “Injurious Effecfa of a Blue heat on Iron and Steel” by 
Mr. Stromeyer, read before4he Institution of Civil Engineers. Vol. lxxxiv. 
of Proceedings. See aliso “General Remarks on Steel Boilers” by Thomas 
Trail, in his Pooket-Book on Boilers, Published by Charles Griffin 4 Co., 
London. 
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of resisting oxidation, or corrofcion from the feed 'water. It is 
very ductile And malleable, anil caft therefore be" worked with 
great ease, and will stand a considerable amount of straining 
action. It has, however, one great disadvantage — viz., its strength 
decreases to a large extent with an increase of temperature. 
At 32* Fah. its tensile strength is, on the average, 15 tons per 
square inch, but at 550° Fah. its tensile strength is reduced to 
about 75 per cent., and at 850° Fah. to 50 per cent, of this value. 
On account of this inferior strength and the high price of copper, 
its use for boiler making has been entirely given up, except for 
locomotive fire-boxes and stays. 

Joints of Boiler Plates. — The joints in boiler shells and flues 
are formed either by riveting or welding. 

Riveted Joints . — These are of various forms and strengths, but 
they may e,ll be classified into, (1) lap-joints, (2) butt-joints. 

The next set of diagrams, Nos. 1 and 2, show a single-riveted 
lap joint. This is the simplest but least efficient form of joint, 
and is only employed where great strength is not required. 

A joint of this kind may be fractured in four different 
ways. 

(1.) By the shearing of the rivets between the plates. 

f2.) By the tearing of the plates along the line of rivet holes. 
*(3.) By the crushing of the plate between its edge and the 
rivet holes, causing the metal between the edge of the plate and 
the rivet, to be forced out. 

(4.) By the breaking of the plate between the rivet hole and 
the edge, in a line at right angles to the edge. 

Another resistance must also be overcome before fracture 
takes place, viz., the frictional resistance of the plates. f The 
contraction of the rivets in cooling, compresses the plates so 

* The third method of fracture cannot be avoided by giving lap to the 
plates, the surface of the holes in the plate which takes the pull of the 
rivet is too small. In this case, the surface will be crushed, however large 
the lap of the plate is. This determines the diameter of the largest rivet 
that can be used for a given thickness of plate. 

t The rivet must not be so small that it is unable to draw the plates 
firmly together, for if it is, the joint is unsatisfactory, and the rivet is under 
such great tension that the head is apt to fly off when it cools, ir after* 
wardB, when the plate is being caulked. The plates should be pressed so 
tightly together when riveting takes place, and even until the rivet and 
the immediately surrounding part of the plate have been cooled, that the 
frictional resistance between the plates is sufficient to prevent them slipping 
Over each other to the minutest extent due to the maximum stresses likely 
to ocour. Some makers apply cold water to th- plates, close to the rivets, 
when they are being riveted up, in order to secure this desirable object 
with a saving of time and money. 
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f 

tightly together, that a considerable frictional resistance is set 
up, which aids in pTeventifig f le plates from sliding over one 
another. The amount of thif. friction, however, is entirely 
dependent on the temperature at Vhich the rivet is put in, and 
the tightness of the joint when the head is formed, and as it 
cannot therefore be calculated with any degree* of accuracy it 
is usually neglected, in estimating the strength of a joint. 

To find the best proportions for a riveted joint. 

Let t = The thickness of the plates in inches. 

d - „ diameter of the rivets „ „ 

a - „ area of the rivets in square inches = m* = -^cP 

p = „ pitch of the rivets in inches. 

S 4 = „ shearing strength of the rivets per square inch. 

S, ** „ tensile „ „ „ plates „ „ „ 

• 

Consider the strength of a jointed strip of plate of breadth 
= p. Then the best proportion will be obtained when the 
tearing resistance of the plates = the shearing resistance of the 
rivets, 

(p - d)t x S, = a x S,. 

The shearing strength of rivet iron is usually about equal to 
the tensile strength of plate iron, therefore, we have 

/ a + dt a , 

(p - d)t- a; .\p - — - — = j + a. 

The following relation between the diameter of the rivets and 
the thickness of the plates is given by Prof. Unwin, 

d — 12 Jt, which gives a very good proportion. 


The following table and sketches (from Smart on “ Steam boilers,” see foot- 
note, next page) show examples of Several of the bost types of riveted joints 
in uso in modern practice. In calculating the strength of the joints the 
tensile strength of the steel plates has been taken at 28 tons per square inch ; 
the shearing-stress of the steel rivets at 23 tons per square inch, and that of 
the iron rivets at 18 tons per square inch. In all the examples shown the 
shearing stress of the rivets is in excess of the tensile strength of the metal 
left between the rivet-holes, and it has been found that a considerable 
excess in this direction adds to the strength of the joint, and at the same 
time renders it more easily made aAd kept tight. As the Bteel plates have 
all been either drilled, or punched and afterwards annealed, no allowance 
for reduction of the strength of the metal left between the rivet-holes has 
been made ; nor has any accession of strength been allowed for in those 
cases in which the holes have been dr died through the solid pla&e, although 
the strength of the metal left between the holes, at least in those, jointe 
^fith a moderately close pitch of rivet*, will be somewhat inoreaaod^* 




These, as well as several other figures in this lecture, have been supplied 
by the kind permission of the Council of the Institution of Civil Engineers, 
from Mr Smart’s paper on “ Steam Boilers ” (see vol. lime, of Proceedings). 
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The fracture of the plates Fy njethods (3) and (4) depends 
upon the distance between the edge of the hole and the edge of 
the plate. If the lap of the flates be made from 3*2 times the 
diameter of the rivets when these ana less than 1 inch diameter, 
to 3 times the diameter of the rivets when these are greater tjian 
1 inch diameter, the joint will be equally strong to resist fracture 
in those two ways. If the lap is made more than this, there is 
difficulty in caulkipg since the plate springs. 

Lap joints ,may be single, double, pr triple riveted. A 
double-riveted lap joint is shown at figure No. 3 in the last 
diagram. In this joint there are two rows of rivets, and their 
pitch may be found in the same way as before. 

Tearing resistance of plates = shearing resistance of rivets. 

In this case, a strip of the jointed plate of breadth - p , has 
two rivets ‘in it, 

(p - d) t x S, = 2 a x S, 
or (p - d)t = 2 a 



When two plates which are lap jointed are subjected to a 
tensional stress acting at right angles to the joint, the plates 
tend to draw into line, and bending takes place at 'points 
opposite the edges of the overlapping plates. In a lap joint 
in this position, and subject to varying stress, there is a 
constant bending and straining motion going on about these 
points. These points, therefore, become particularly vulnerable 
to the corrosive action of the "water in a boiler, and in the lap 
joints of a boiler which has been long at work, the inside of the 
plates is often found to be corroded or eaten away in a line 
parallel to the joint, and just at the beginning of the lap. This 
corrosive action, in time, greatly reduces the strength of the 
plate, especially if impure feed water be used, and it is known 
as grooving , furrowing or guttering , on account of the deep 
groove, furrow or gutter which is eaten out of the plate at this 
special point. The action is due, partly to the mechanical 
motion of the joint, and partly to the chemical action of the 
feed water. In lap joints with thick plates, this bending action 
is greatest. Such joints have therefore a less percentage of the 
strength of a solid plate when made of thick than of thin plates. 

Fig. No. 5 in the last diagram shows a double-riveted butt joint. 
In this j6int,the plates are in line, being placed edge to edge, and 
the connection is made with single, or doif ole-cover plates. These 
joints are variously made — viz., single, double, and triple riveted. 
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They have the same proportions as to pitch and diameter of 
rivets as lap joints., Wheg a jingle-cover plate is used, the 
bending action is not altogether avoided, but with double-cover 
plates there is no tendency to bAuj, so that this injurious action 
may be entirely prevented by the use of the butt joint. When 
double-cover plates are used, the rivets are placed in double 
shear, i.e. f they must be cut through in two planes before the 
joint can give way. The butt joint with double-cover plates is 
the most efficient form of riveted joint, but it is also the most 
expensive. As compared with a lap joint, double the number ef 
rivets require to be put in, and more than double the number of 
holes have to be punched or drilled. 

In practice, double riveting is done in either of two ways. In 
the last figure referred to, viz., No. 5, the rivets in one row are 
placed opposite the spaces between the rivets of the other row. 
This method of riveting is known as zig-zag riveting. In the 
following figure, 
the method known 
as chain riveting, 
in which the rivets 
are placed imme- ~r 
9 diately opposite 
each other, is 
shown. Zig-zag 
rivetfng requires 00 
less lap than chain 
riveting, and also 
makes a tighter 
joint, but the plates 
are not so strong, 
especially if the 
holes are punched. 

Owing to the 
greater strength of the chain- riveted joint, it is coming more 
into use than heretofore. 

The following table, copied from Sir John Anderson's 
Strength of Materials , gives the relative strengths possessed 
by different forms of riveted joints. The strength of the solid 
plate is taken as 100, and it will be noticed, as we would 
naturally expect, that even the best of these joints falls far short 
of the solid plate in strength :■*- 
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Riveted^ Jo/nts. 


Description of Joint 

} 

r 

Riveting 

- 

Rivet Holes. 

Percentage of 
Strength of the 
SoRd Pkte, 
PoBt,eaaed by the 
Joint ' 

Up, .... 

Lap, .... 

Butt, 1 cover, . 

Butt, 1 cover, . 

Butt, 2 covers, . 

Butt, 2 covers, . 

Single, 

Double, 

Single, 

Double, 

Single, 

Double, 

/ Punched, . 

1 Drilled, 
f Punched, . 

1 Drilled, 
j Punched, . 

1 Drilled, . 

J Punched, . 

1 Drilled, 

J Punched, . 

\ Drilled, . 

/ Punched, . 

\ Drilled, . 

65 

62 

69 

76 

55 

62 

69 

75 

57 

67 c 

72 

78 


The student will see from this table that the single-riveted 
lap joint is the weakest form ; also, that butt joints with single- 
cover plates, are not any stronger than lap joints, but, when 
double-cover plates are used, the percentage of plate strength is 
rather greater than that of lap joints. 

Single-riveted lap joints are used for the circumferential joints 
of land boilers, up to about 5 ft. diameter, and working with a 
steam pressure of not more than 60 lbs. per square inch. Double- 
riveted lap joints are used for the circumferential joints of marine 
boilers, and for the longitudinal joints of land boilers of small 
diameter. Triple riveting, either in the form of lap or of butt 
joints, is used for the circumferential seams of marine boilers of 
large diameter and working at high pressures. 

Punching and Drilling . — The holes in the plates of riveted 
joints are either punched or drilled. Each method offers some 
advantage which is not to be found in the other. Th^main 
objection to punching the holes is, that damage is done to the 
plate by the process. The extent to which a plate suffers from 
punching depends upon its quality. The injury done by punch 
ing to good tough ductile plates ^is very trifling, but when the 
plates are of a hard steely nature, their strength may be seriously 
impaired by the process. Mild steel plates stand punching very 
well, but, if the plates are at all hard, they may be considerably 
injured, even to the extent of a loss of tenacity of 30 per cent 
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Fop this reason, it is usual t| anneal steel plates which have 
been punched; after whfch, hey are found fco regain their 
original strength and properties. If the plates are not punched 
very carefully, it is often found, an putting them together, that 
the holes do not correspond In order to admit the rivets, and 
bV;ng the holes as nearly fair as possible, drifting is sometimes 
resorted to. This reprehensible practice is very injurious to the 
platos. It consists in driving a round tapered steel pin (known 
*as a “drift”) into the hole, in order to reiflove the obstruction. 
When the holes do* not quite coincide, a drill should be run 
through them, and, if necessary, a larger rivet used, but drifting 
thould never be allowed. In order to obtain perfect agreement 
of the rivet holes, some boilermakers punch the holes rather 
less in diameter than the size of the rivet, and when the plates 
are put together, they are then rimered out to the fyll size. 

When the plates are drilled separately , it cannot be said that 
the holes correspond much better than when the plates are 
punched, and no advantage in this respect can be claimed for 
drilled holes. The only way to ensure absolute coincidence of the 
holes in the different plates, is to have the plates drilled when 
fixed in position. A number of boiler drilling machines are now 
in use, which effect this object. The shell plates, after they have 
been bent, are fixed together by service bolts, and the part of the 
she^ so formed is placed upon a turning-table or some other 
arrangement for moving the shell round in front of the drills. 
There are usually two or more drills which operate simul- 
taneously, all round the outside of the boiler shell, and these 
pierce through two or more thicknesses of plate. WUen each 
set of holes has been bored the turning arrangement moves 
the boiler shell through a distance equal to the pitch of the 
rivets, and the drills then proceed with the next set of holes. 
With an efficient machine of this kind the extra expense of drilling 
over that of punching the holes, is very trifling. 

The holes formed by punching are necessarily tapered, since 
the hole in the die-block is always a little larger than the punch, 
and when the plates are put together the small ends of the holes 
are placed inside the joint, and the larger ends outside. By this 
arrangement, when the rivets are forced into the holes they hold 
the plates more firmly, and make a much tighter joint, than 
with the parallel holes of drilled plates ; and, even although the 
rivet heads should be knocked off, the rivets would still retain 
a firm hold on the plhtes. The edges of drilled holes are sharp, 
and exercise a cutting action on the rivet, and it is found that 
increased strength js obtained by slightly counter-sinking the 
holes, but this adds considerably to the expense. This .cutting 
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action is not experienced when /the holes are punched, for the 
outer edge of a punched hole is not so sharply defined as a 
drilled hole. It has been founjl by experiment that when the 
plates are punched, the rivets are stronger, but the plates are 
weakened to a greater extent. Ilehce, as will be seen ‘from 
the previous table, joints made wdth drilled holes are rath'er 
stronger than those in which the rivet holes have been 
punched. 

Hand <md Machine Riveting. — Formerly, all the joints of boilers 
were riveted by hand, but machine riveting is now used for all 
the joints to which a machine can be applied. The work done 
by good riveting machines is much superior in strength to hand 
work, and can be done much more expeditiously. The hydraulic 
riveting machine is the one which is most used at the present 
time, and sepms to be the most suitable for the work. In riveting 
by hand, the blows are so sudden, that the part of the rivet struck 
by the hammer absorbs nearly the whole energy of the blow, ahd 
the formation of a shoulder commences before the hole is properly 
filled. In machine riveting, on the other hand, the pressure 
comes gradually on the whole body of rivet, and compresses 
it fully into the hole before forming a head at all ; the joint is 
therefore much more secure. Before riveting a joint, care should 
be taken to have the plates drawn closely together, or the com- 
pression of the body of the rivet into the hole may cause a slight 
shoulder to be formed between the plates, and this prevents the 
closing of the joint. 

We have seen frofn the previous table, that riveted joints 
are very much weaker than a parallel section of the solid plate, 
even a double- riveted butt-joint with double-cover plates only 
gives 79 per cent, of the plate strength. This is a very serious 
loss of strength, and various attempts have been made to bring 
up the strength of the joint to that of the solid plate. With 
this object in view, Sir Wm. Fairbaim patented a process of 
rolling plates with thickened edges 1 , so that, after the holes were 
punched and the plates riveted, the sectional area of the plate 
between the rivets, would be equal to that of the solid plate. 
This plan, however, has never been adopted in practice, probably 
on the ground of expense. 

A -proposal has also been made to make the rivets of an 
elliptical section, so that by keeping the same pitch for the same 
sectional area of rivets there wouIQ be greater breadth of plate 
between the rivet holes, than when round fivets are used. Thus, 
if instead of using round rivets 1 inch diameter, rivets of equal 
area with fiat sides (say 1 J inch x J inch) ape used, and are fixed 
in position with the fiat sides parallel, there is a gain in the 
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breadth of the plate between She rivet holes of J inch. - There 
are many objection, howler, to this form of rivet, and it has 
not yet come into use. ' * 

Caulking . — In order that tle # riveted joints of boilers may 
be absolutely steam and water tight, they usually require to be 
caulked. This consists in burring down the ed^es of the plates 
with a tool somewhat like a chisel, but flat on the end (see fig. 2). 
Oaulking, whilst ‘indenting down 
.the extreme edge of the lap, is • . \ 

liable to open the plates between r- On 

the extreme edge and the point 

where they are held by the rivet- „ 

heads. For this reason, many ^ 0ALK ^ lg ‘ 

engineers have given up the use of the caulking tool, and prefer to 
use only the fullering tool. — See fig 1. Oaulking or fullering is 
greatly facilitated if the plates are planed on the edgesVith a slight 
b«vel, and that is now done in the best boiler practice. The caulk- 


Fig. 1. (Scale p Fig. 2. 


ing tool recommended by Mr. Webb, 
Locomotive Superintendent of the 
London & North-Western Railway, 
and used in the works of that 
Railway Company at Orewe, is 
shown in the accompanying diagram, 
by which damage to the plates is 
presented and the surfaces drivon 
into close contact. 


Webb’s Caulking Tool. 



Welded Joints . — In recent years welded joints have been 
introduced for boiler shells, but have not met with much favour. 
All chances of leakage are avoided by welding the joints, and the 
external corrosion which results from leakage is therefore pre- 
vented. If the joint is sound, it is stronger than any of the 
forms of riveted joint, but its soundness is always a matter of 
uncertainty. The strength of a riveted joint can be known with 
a considerable degree of accuracy, but the strength of a welded 
joint depends entirely on the skill and care of the workmen, and 
it is not alv/ays easy to decide from the external appearance 
whether or not the weld is sound. Welded joints, however, are 
very serviceable for furnace tubes and locomotive steam domes, <fec., 
and are in general use for those purposes, but they have not been 
adopted to any great extent for boiler shells. 

Methods of connecting the fc Parts of the Shell and Flues. — The 
boiler shell is composed of rings of plating from three to four 
feet six inches in width, rolled with the grain running circum- 
ferentially. These rings are connected to each other at their 
edges by lap or butt joints. The flat end plates are connected to 
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Figs. 1 and 2 show the method of attachment by riveting 
angle irons to the shell and then riveting the end plate to those 
angle irons. In fig. 1, the angle iron is attached outride, and in 
fig. 2, inside the shell. These two methods are largely used in 
land boilers, notably Lancashire and Oornish boilers. The 
attachment by outside angle irons admits of more springing of 
the end plates, and gives more room for mountings, <fcc., on 
the front end of the boiler. The outside angle irons are prefer- 
able when the space between the flue tubes and the shell plates 
does not exceed 5 or 6 inches, owing to the greater freedom 
allowed by them for the longitudinal expansion of the flue. A very 
common arrangement in land boilers is to attach the front end 
plate by outside angle irons, and the back end plate by inside 
angle irons. 

Fig. 3 shows the method of flanging the end plate and then 
riveting it to the shell plates by an ordinary lap joint. This is 
the form most generally used in marine practice, and now also 
to a large extent for land boilers. It forms the best and simplest 
form of joint, but of course the end plate must be of thoroughly 
good quality in order to stand the flanging. When the en$ plate 
is attached by angle irons to the shell, the constant springing 
which goes on, due to the expansion and contraction of the 
furnace flues, is liable to cause grooving of the end plates close to 
the edge of the angle iron : but whbn the end plates are flanged} 
the bending is spread over the curvature at the root of the flange, 
and is not concentrated upon any particular point, consequently 
grooving id prevented to a great extent. 

There are other methods of attaching the flat end plates to the 
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shell, such as flanging the end plates outwards, instead of ipward? 
as shown, or fitting angle irons Aitside instead 
of inside the end plate, but these are not in 
such general use, and the only a< vantage they 
posses is, that the joint may* be riveted 
wholly by machinery. 

Flue Attachment . — The methods of attaching 
the flues to the end plates are very similar to 
J/hose already described for fixing the shell tp 
the end plates. Two of those in common use 
are shown in the diagram at the side. In one 
arrangement, an angle iron is used, and in 
the other, the end plate is flanged inwards. 

It is also sometimes flanged outwards. 

Staying of Boilers. — The tendency of 
pressure on a flat surface is to bulge it out to 
a .circular form, and to prevent this deform- 
ation of the flat surfaces in steam boilers, all 
such surfaces require to be stayed. In Lanca- 
shire and Oornish boilers the only parts 
which require staying are the end plates ; in 
marine boilers the end plates and the flat 
sides of the combustion chambers, and in 
locomotive boilers all the flat sidos of the fire- 
box ^ind the end plates. 

Stays are made of various forms according 
to the position they occupy in the boiler . '1 lie fire-box sta\ s of 
locomotives, which bind the flat sides of the lire-box to the outer 
Bhell, are shown in the annexed diagram. 

The stays of marine boilers which 
bind the flat sides of the combustion 
chambers together, and to the end 
plates are similar in form, but have 
often nuts and washers on oye or on 
both ends instead of riveted heads, 
and are generally screwed through- 
out their length. In locomotive 
boilers these stays are usually made 
of copper, but in marine boilers 
wrought iron or steel is used. Nuts 
and washers on the ends of the stays 
give better support, to the plates 
than riveted heads, owing to their largt r bearing surface. 

The end. plates of boilers are stayed with gusset stays, or with 
longitudinal stays parsing from end to end of the’ boiler, or with 
both. 
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GuRset stays are usually madjs of a single plat© of iron, which 
is fixed to the shell and to the enfi pla^e, by means of angle irons on 
each side of the plate, as shown at, G S, on ttie following diagram. 
In marine boilers, the gusset ftays are often made of a rod of 
iron with a flat plate forged dn the and. The plate is riverbed to 
the shell, and the rod passes diagonally across to the end plate, 
and is fixed thfere by nuts and washers on each side. 



Gusset and Longitudinal Stays. 

* The Board of Trade insist upon iron stays being used if of 
the above shape where the ends have been “jumped up,” welded, 
or worked in tne fire. Mr. Thomas W. Trail, Engineer-Surveyor- 
in-Chief to the Board of Trade, in his book on Boilers, published 
by Chat. Griffin & Co., gives the pressures, greatest surfaces, and sizes for 
iron and steel stays. See pp. 126 to 137 and 258 to 263, fifth edition. 


Longitudinal stays are simply rods of iron or steel* screwed at 
the ends, which pass from one end of the boiler to the other, and 
are secured to the end plates by nuts and washers on both sides. 
One of these, L S, is shown on the above diagram. When these 
stays exceed 20 feet or thereby in length they tend to droop in 
the centre, and do not take up the full stress on the end plates. 
In this case, they should be supported at the centre by small 
brackets riveted to the shell. « - 

Although the end plates require this staying, it is not desirable 
that they should be absolutely rigid, or the flues will not have 
sufficient freedom to expand. The object to be aimed at is to 
strengthen the ends, but yet a^ far as possible to preserve a 
certain amount of elasticity • 

The flat crowns of locomotive fire-boxes, and the combustion 
chambers* of jnarine boilers, are usually stayed in the manner 
shown on the diagram of multitubular boiler in Lecture XIX., 
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Vol. I., and the marine boiler, pl334, in Lecture XVIII. Cast-iron 
or preferably wrought-iron girder plates pass across the fire-box 
and rest on the vertical back anc^front plates. These girder plates 
support the furnace crow i\ by mehns of bolts passing up through 
them, and are secured by nuts above, in the manner shown on the 
diagrams. In marine boilers, the combustion chamber is some- 
times curved at the top and supported by stays from the end plate 
. (p 331), but it is usually Hat on the top and supported in the same 
way as the locomotive fire-box just noticed. Tho top of a loco- 
motive fire-box is sometimes also supported by copper or iron 
stays from the outer shell of the boiler, in the same way as the 
sides (see folding page, Lecture XXVI., Vol. L). In regard to 
crown stays, Mr. D. S. Smart, in his paper on “ Steam Boilers,” 
read before the Institution of Civil Engineers,* remarks — 

“ Girder-stays have, until recently, been universally employed 

the strengthening of fire-box crowns of the locomotive type 
of boilers ; but direct stays between the crowns of the fire-box 
casings and the fire-box crowns are now to a great extent taking 
their place. Girder stays are decidedly objectionable in obstruct- 
ing the circulation of the water, and in tending to cause over- 
heating through the narrow water spaces between them and the 
crowns becoming choked with deposit ; also on account of the 
severe stress thrown upon the plates on which they rest. The 
object in refraining from staying the crowns of the fire-box 
directly to the crowns of the casings has hitherto been to avoid 
undue strain from the greater upward expansion of the fire-box, 
but this objection may in a great measure be overcome, by, making 
the crowns of the casings flat like the fire-box crowns with well 
rounded corners. The pressures on the two flat surfaces will 
nearly balance, and any unequal expansion will be taken up by 
the flat portions outside the stays, or by the rounded corners. 
The Author has seen a number of boilers constructed on this 
design which he believes wilj give perfect satisfaction. The two 
crowns are stayed directly to each other by bolts screwed into 
both, with the heads in the fire-box and nuts on the top of the 
outer casing, the part in the water and steam spaces being with- 
out threads. Numbers of boilers are also being made with the 
crowns of the casings of the usual semi-cylindrical form, and the 
flat fire-box crowns stayed directly to them by bolts in the 
manner just described, witfr no provision for expansion other 
than the spring of $he plates all round. Others, when thus 
arranged, especially when the fire-boxes are of large size, have 
provision for the upward expansion of the first two rows of stays 

* Volume Ixxx. of Proceeding*. Extract and diagrams taken from it by 
kind permission of the Council of the Inst, of C.E. 
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over the tube plate on getting ujf ste§m, as tpbe plates have been 
injured by too ‘rigid a connection.” 

In marine and all tubular boilers, that part of the end plate 
through which the tubes pass, and which cannot be supported 
by gusset stays, is supported by some of the tubes themselves 
which are knoVn as stay tubes. These stay tubes are nfade 
stronger than the others, and are usually screwed into the back 
and the front tube plates. They are sometimes fitted with nuts 
on the outside of the front tube plate and then beaded over at 
each end. The tube plates are seldom supported by rod stays 
between the tubes, for this plan is objectionable, since the rods 
are not exposed to the same temperature as the tubes, and 
consequently expand differently. 

Strength of Boiler Shells. — The strongest form for any boiler, 
or vessel which supports internal pressure, is that of a sphere, 
but there are many reasons for not adopting this form in practioe. 
The early steam boilers were designed of the form which would 
give most heating surface, and in the opinion of the designer 
would give the highest evaporative efficiency, but no attention 
was given to the form which would be best adapted to support 
pressure. So long as very low pressure steam was used in 
those boilers, the question of form was not so important, but as 
soon as pressures of 30 lbs. per square inch otL thereby were 
adopted, it became necessary to give some attention to the form 
of the shell which is best suited to withstand internal pressure. 
The cylindrical boiler, has now been universally adopted aa the 
nearest ^practical approach to the sphere. 

To estimate the strength of a cylindrical boiler — 

Let P = the bursting pressure in lbs. per square inch. 

„ t = thickness of the plates in inches. 

„ D = diameter of the boiler in „ 

Let S, = tensile strength of the material at its weakest part in 
lbs. per square inch. 

Consider the pressure on any very small surface, A B, (in the 
next diagram) which makes an angle, &, with the horizontal 
diameter, 0 D. The normal pressure, P, on the surface, A B, 
may be resolved into two components, Ch, acting vertically, and, 
Oy, acting horizontally. t 

Then the angle E 0 y =*6, 

.-. „ „ POy-90-*, 

Therefore x = P • sin. (90 - 1), 

** P • cos. J. 
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Thus the vertical pressure on tfc& surface, AB = P cos. 6 x A B. 

But cos. 6 • A B = abf 
The vertical jaressura on A B = P x ab. 

Hence, the sum of all the vertical components of, P, will be — 

P x OD = P x D, 

ie. f The force tending to rupture the boiler is equal to the 
pressure per square inch , multiplied by the diameter in inches. 



Also, the resistance of the material is equal to the tensile 
strength of the plates in lbs. per square inch, multiplied by the 
combined area of the plates on each side of a diameter. 

Then at the point of rupture— 

The pt Assure tending to cause rupture = The resistance of the material. 


Considering the pressure on any length, L, of the boiler, 

We have — 


PxDxL'MjLxIxSJ 
2 t S, 

TT 
P D 
2 K 


P = 

c> 

*nd t 
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The value of P, given by the previous formula, is the pressure 
required to c$use longitudinal rupture, i.ef , rupture in a line 
parallel to the axis of the boiler, but a cylindrical boiler may 
also be ruptured transversely, * 1 . 6 ., in # a line at right angles to the 
axis, due to the pressure on the ends. * 

Let Pj = the bursting pressure in this case. 

Then the force tending to cause rupture — ' 

* . . 'it 

- P, x area of cross section of boiler = P. x - D\ 

i * 1 4 

Also, resistance of plates = area of metal in cross section x its tensile strength. 
i.e ., Force tending to cause rupture = Resistance of plates. 

« P.X^D'elDxiX S, 

1 4 

p w D t S< 4 t S, 


P 

p, 

Bence , the pressure required to cause rupture of a boiler 
longitudinally , is only half that required to cause rupture in a 
transverse direction. For this reason, the longitudinal joints of 
boilers are always made stronger than the circumferential joints. 
In Oornish, Lancashire, and marine boilers having internal flues 
from end to end, the pressure required to cause transverse 
rupture is much greater than twice that required to cause 
longitudinal rupture, for then the effective area of the end plates 
is not equal to the whole area of c*ross section of the boiler, but 
is equal to the area of the boiler minus the area of the flues. 
Owing to this unequal stress on the joints of boilers, it has been 
proposed to plate boilers diagonally, having the joints at stch an 
angle to the axis as would cause an equal stress on each joint. 
This plan, however, has never yet been put into actual practice. 

In all actual calculations we mi^st insert for, S„ not the tensile 
strength of the plate, but the strength of the riveted joint. 
This is obtained by taking the percentage* of plate strength given 
in the table on page 373, for the particular form of riveted joint 
with which the boiler is constructed. * 

Example.— A Lancashire boiler is 7 feet 6 inches diameter, and 


2jjS t 

J? = 1 

4 t S ( 2 
D 
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is required to work £t a pressufe of 75 lbs. per square inch.* The 
longitudinal joints are doutye-riveted and are lap joints. 

Find the thickness of wrought-iron plates required for the shell. 
The average tensile strength of wrought-iron plates in the 
direction of the grain is 2 1 tons, or 47,040 lbs. per square inch 
(see page 364), and since a double-riveted lap .joint (punched 
holfes) gives 69 per cent, of plate strength, 

The tensile strength of joint = 47,040 x $9. 

,, „ „ = 32,457 lbs. per square inch. • 

In steam boilers, a factor of safety of 6, is usually allowed, 
the bursting pressure is six times the working pressure. 

The bursting pressure - 75 x 6. 

„ „ „ = 450 lbs. per square yich. 


Then, 


P D 450 x 90 
' 2S,“ 2 x 32457 

t = *6239" = 5. inch nearly. 

o 


• Strength of Flues. — The strength of cylindrical tubes subjected 
to internal pressure is independent of the length of the tube, 
sines the greater the length of the tube the more material there 
is to resist the increased pressure. In proof of this statement 
the student will have noticed that in the equation on page 382, 
the quantity, L, appeared on both sides, and was therefore 
cancelled out. It seems natural also to suppose that when a 
cylindrical tube is subjected to external pressure, its strength to 
resist collapse should not be dependent upon its length, and 
until the year 1858, this was assumed by all engineers. 

Sir Wm. Fairbairn carried out a series of experiments in 1858, 
to ascertain the strength of cylindrical tubes subjected to exter- 
nal pressure, and his experiments threw much light on the 
behaviour of such tubes under Jthose conditions. 

As the result of his experiments, he deduced the following 
formula for the strength of boiler flues of iron : — 

Let P = collapsing pressure in lbs. per square inch. 

„ t = thickness of the pjates of the flue in inches. 

„ L = length of the flue in feet. 

„ D — diameter of the flue in inches. 

Sheii, P = 806,300 
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This shows that the collapsing pressure varies directly as the 
2-1 9th power of tho thickness, and inversely as the length and 
diameter. 

When a cylindrical tube, which is not perfect in form, is 
subjected to internal pressure, the effect of thn internal pressure 
is to rectify the defect, and to bring the tube to the form of an 
exact cylinder. Thus, in a boiler shell made with lap joints, the 
form of the cross section necessarily differs from that of a true 
circle, but when steam pressure comes upon it, the tension on 
the longitudinal joints tends to draw the plates into line, and 
causes them to take up an exactly circular form at any section. 
The effect of external pressure on an imperfectly circular tube is 
not to remedy the imperfection, but to increase the deviation 
from the true circular section and to produce greater distortion. 
Among Sir Wm. Fairbairn’s experiments, the results may be 
noted of a test of two tubes subjected to external pressure, 
37 in. long, 9 in. diameter, and 14 in thick, the same in every 
respect, except that one tube was lap jointed and the other butt 
jointed. The tube with tho lap joint collapsed with 262 lbs. 
pressure per square inch, whilst the tube with the butt joint did 
not give way till a pressure of 378 lbs. per square inch was 
reached. This shows a loss of J in resistance to collapse, by a 
departure of merely T4 in. from tho true circular section, and 
clearly indicates the necessity of making boiler flues exactly 
cylindrical. This is now very nearly approached in practice, 
flues being always made with either welded or butt joints. 

Fair^airn’s formula may be readily worked out by the use of 
logarithms ; but for ordinary practical purposes, the square of the 
thickness may be used instead of the 2T9th power. 

From the above, it will be apparent that cylindrical tubes, 
subjected to external pressure, require to be strengthened when 
long. Boiler flues are usually strengthened at intervals along 
their length, and this is effected in several ways, the principal 
of which are— 



T Iron Ring. 



Scale j * 

Bowling Hoop. Adamson’s Flanged 
Seam. 


The'T iron ring shown in section in the left-hand figure was 
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the first method adopted foit strengthening the flues. It is 
riveted round the joints each ring of plate$ in the manner 
shown in the diagram. This plan gives ample strength, but 
holds the flue too rigidly, and (fo<« not permit of free expansion 
and bontraction. The rivet heads also are exposed to tha 
iittense heat of the furnace, and are liable, to be burnt. 

'Jhe form shown in the middle figure is known as the Bowling- 
hoop, and has been largely used ior s( lengthening the furnace 
•flues of boilers. It is woldless, and can la* ifiade m iron or steel. 
It possesses quite as great strength as the T iron ring, and, from 
its shape, allows all necessary freedom lot the expansion of the 
flue. It has the same disadvantage as the T iron ring, however, 
since it exposes a double thickness of plates and two rows of 
rivets to the flames from the fire-grate. 

The third method shown in the right hand flgure^s known as 
the Adamson Flanged Seam, and consists in flanging the ends of 
the flue plates, and connecting them together by rivets with a ring 
between. This joint is very elastic, and pci nuts of free expansion ; 
it has sufficient strength without the ung, but the ring is used 
in order to givo a caulking edge on each side of the lap. This is 
the method which is most generally adopted, although a number 
§ of engineers prefer the Bowling-hoop. The plates requiro to be 
of specially good quality to admit of flanging, and the flanging 
mus£ be skilfully done, or the joint will give a considerable amount 
of trouble. The advantage of this joint is, that all rivets and 
double thicknesses of plate are remov < d from the action of the tire. 

There is one other method of strengthening flues which is of 
more recent introduction than those already mentioned, and is 
shown in the diagram annexed. 

The flue tubes are made of welded 
rings of iron or steel, and are rolled out 
accurately in a machine to the shape Paxman’s Ki ck 

shown, and united by a simple lap joint. Jom 

The strength of the flues is thus greatly increased, and yet free 
expansion is allowed 

The arrangement of these flue tubes in a boiler is shown in 
the digram below. 
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The rivet Heads and double thicknesses of plate, although not 
removed entirely from the action, of the » flames, are out of 
immediate contact with them. 

When flues are strengthen^! ^jy any of these methods, their 
strength must be taken as that corresponding to the length 
between the rings or joints. 

Corrugated Furnaces . — The furnaces of boilers are now very 
frequently fitted with corrugated flues. A furnace of this kind 
is shown in the marine boilers illustrated on pages 335 and 337. 
A corrugated furnace flue is stronger than one fitted with any 
of the strengthening rings already mentioned, and is of such a 
form as to allow every facility for expansion. The process of 
corrugating furnace flues was brought out and patented by Mr. 
Samson Fox in 1876. The appliances at first used for producing 
the corrugations were very severe and trying to the material, but 
now by the use of improved rolling mills, corrugated furnaces are 
produced in which the plates suffer no apparent injury. 

Within the last few years corrugated furnace flues have been 
largely used, both for land and for marine boilers, with very satis- 
factory results. Greatly increased strength, combined with perfect 
elasticity, is the principal advantage, but a corrugated furnace 
also gives greater heating surface, and bieaks up the flame and 
heated gases. They have, however, certain disadvantages, viz., 
sediment and salt incrustation may more readily gather ir^ the 
hollows at the top of the flue than in a plain cylindrical one, and 
the dead ashes in the lower inside hollows. The elasticity or 
bellows action is somewhat too great in large boilers, and strength- 
ening longitudinal stays are sometimes inserted round or near 
the outside of the Fox’s tubes between the ends of the boiler. 
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•Lectukj* XX — Quesiions. 

1. Enumerate the chief advantage wruught-iron aa a auitable materia) 

for the construction of steam boilers. What kinds of iron plates should be 
discarded, and why? Give the average tensile strength of good wrought- 
iron, with and across the grain. • 

2. State the chief advantages of mild Bteel over WTOugbfc-iron as a material 
for boiler construction, and explain the precautions that are necessary in 
selecting the plates and in manipulating them during the manufacture of a 
boiler. Give any instances known to you of the failure of steel boiler 
plates, and the reasons assigned for their failure. Give the tensile strength 
of good mild boiler plate steel. 

3. In what kinds of boilers, and for what parts of them, is copper used? 

What advantages are claimed for copper in those cases over wrought-iron 
or steel ? Why is cast-iron not used for the shell or Hues of ordinary land 
or marine boilers ? In what kinds of boilers, and for what parts of them, it 
east-iron still employed ? # 

4. Sketch clearly in freehand the several chief forms of riveted joints* 
an& indicate the advantages and disadvantages of each. Sketch a single- 
riveted joint for f inch plate, marking the sue of the rivets and the pitch 
you would employ. Show in what way such a joint might yield. 

5. Determine tne pitch of the rivets for a single riveted joint of 4 inch 
plate so that the joint may be equally strong to resist tearing and shearing. 
Diameter of rivets is f-inen. Safe shearing strength is 7,800 lbs. per square 
inch ; safe tensile strength is 10,000 lbs. per square inch. A ns. T813 inch. 

6. What rules are employed for calculating the strength of double- 
riveted lap joints in iron and steel plates ? Is there any advantage in the 
use of elliptical rivets ? 

7. It is required to construct a double-riveted lap joint for i-inch plates. 
Give the proportions of the joint, and calculate the percentage of solid plate 
strength which it gives. 

8. Describe with sketches any boiler or other piece of riveted work with 
which you have had anything to do. Give roughly the dimensions of rivets 
or Btays, the details of joints ; give fuller information about the part you 
have had most to do with. What sort of stress occurs in the plates at any 
riveted joint ? Sketch the various ways in which fracture may occur. 

9. What are the relative advantages and disadvantages of different 
methods of riveting! 

10. How are rivets made, and from what kinds of iron ? Sketch, with 
iimensions, single- and double-rivtted butt joints of f-inch plates. Show 
a butt joint m a boiler where cross and longitudinal joints meet. Sketch 
the various ways in which the joint may bo made at the bottom of a 
locomotive fire-box. 

11. •In a single-riveted lap joint exposed to tension, determine the 
diameter and pitch of the rivets in terms of the thickness of plate, and the 
three stresses f, and f> t 

where ft — intensity of stress on material of plate. 

/« *= M „ ° ,, rivet. 

fb “ „ bearing pressure estimated on a diametral section 

of rivet. 

Find the diameter {d) ar^l pitch ( p ) for $-inch plates wheny ( = 30, /, = 22, 
andy^ ■= 42 tons per square inch, and estimate the efficiency of tlitf joint. 
Am. p *= 2 88-inches, and d" = 1 21 inch ; 50 i>cr cent. 
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12. Compare the joints of plates ip the end of a Cornish or Lancashire 
boiler now with what they wcie twenty }car^ ago. 

13. Which is better, to drill or punch rfvet holes? and why? 

14. State the chief objections to punching boiler plates. Why should 
M drifting” the holes not be permitted in order to bring them fairly oppo- 
site each other? What is the best method for ensuring that the rivet holes 
in boiler plates shall be fairly opposite each other? 

15. Why is hydraulic machine-riveting better than hand-riveting? 

16. Describe the process of caulking a joint, and sketch the beat form of 
caulking-tool with which you are best acquainted.' 

17. In what parts of boilers are welded joints used? Why are welded 

joints not more generally adopted ? , 

18. Sketch and describe the principal plans of connecting the shell to the 
end plates in a large horizontal boiler, and give their several advantages 
and disadvantages, with reasons. 

19. Sketch and describe the best plans of connecting the flues to the end 
plates of a horizontal land or marine boiler. 

20. Mention those parts of a marine boiler which require to bo stayed, 
and show clearly by sketches how the staying is done m actual practice. 

* 21. Find the thickness of iron plates in a boiler shell 0 feet 4 inches, in 
diameter, for a prcssuie of 40 lbs., the greatest tensile stress permissible in 
the material being 5,000 lbs. per square inch. Ans. *304 inch. 

22. A cylindrical boiler with flat ends, 30 feet long, G feet diameter, has 
two internal flues, each 2^ feet in diameter. Steam pressure in the boiler 
is 40 lbs.; what is the whole pressure on the internal surface in tons? 
How is the strength of such a boiler related to its diameter? Arts. 10 '8 tons. 

23. Find the greatest diameter of a cylindrical boiler to resist a pressure 

of 100 lbs. per square inch, the plates being jj-inch thick, and the safe stress 
upon the metal ben g 5,500 lbs per squaie inch. 41 ‘25 inches. 

24. A cylinder constructed of boiler plate is 7 feet iu diameter, ind is 
subjected to an internal bursting pressure of 50 lbs. per square inch. Find 
the longitudinal stress on, the metal per square inch of section, the thickness 
of the plate being 4 inch. Ans. 4,200 lbs. 

25. Show fully by calculation why a cylindrical boiler is twice as likely 
to burst longitudinally as endwise, and give an example. 

26. An ordinary cylindrical boilci has flat ends with two internal flues 
running from end to end. The boiler is 28 feet long, the shell 7 feet in 
diameter, and each of the two flues is 30 inches in diameter, the iron 
employed being A -inch in thickness throughout. Taking the ultimate 
strength for the longitudinal or double-iiveted joints at 35,000 lbs. per 
square inch of sectional area, and that for the transverse or single-riveted 
joiuts at 28,000 lbs. per square inch, find the ultimate bursting pressure — 
(1) along a longitudinal, (2) alono; a transverse section. Ans. 417 ; 1,532 lbs 

In what way aie the internal flues strengthened? 

27. Given the breaking tensile strength of w rought-iron, find thq thick- 
ness of the shell of a cylindrical boiler winch will support a given pressure 
of steam. Example— The diameter of the shell is 34 feet, and the pressure 
of the steam is 150 lbs. on the square inch, what should be the thickness of 
the boiler plate when the tensile strength of wrought-iron is, for safety , 
estimated at three tons on the square’ inch? Prove that a tube under 
internal fluid pressure is twice as strong in a trad -.verse as in a longitudinal 
direction. Ans. '47 inch. 

28. The furnace flue ot a marine boiler is 7 ft long and 3 ft. in diameter 
The plates are |-inch thick, and an Adamaon flagged joint is fitted at the 
centre.' Find the collapsing pressure of the flue. Ans. 374 lbs. .per sq. inch 
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29. Find an expression for the "thickness of the shell of a cylindrical 
boiler, the tensile strength of tho Material, the pressure of steam, and the 
diameter of the shell being givcm. If a cylindrical boiler 5 feet m diameter 
will support a steam pressure of 20 lbs., what should b& tho diameter of a 
boiler of like material, construction and thickness of plate, for supporting 
a stq^m pressure of 100 lbs. ?* • 

* 30. In a cylindrical steam boiler prove tho formulm for the forces tending 
tojproduce rupture of the material in tho circumferential and longitudinal 
directions. 

31. Why do ordinary steam boilers fail to utilise a largo proportion of 
the heat developed in tho complete combustioij of tho fuel employed? 
Sketch a longitudinal section through tho fire-box and tubes of a high- 
pressure boiler. Describe tho consti action of tho boiler, and show tho 
method of staying tho poitions most likely to give way under pressure 

32. Answer only one of the following questions [a, b, or c) • — (a) Deseribo, 
with the aid of sketches, the boiler with which you are best acquainted, 
particular attention to bo paid to the fittings, to tho flues, and to tho 
furnace. ( b ) Sketch and describe the construction of tho locomotivo fno- 
box ; show in detail how tho flat sidos aro suppoilcd, ajpl indicato the 
form and construction of the stay-bolts. If the boiloi pressure be 17.') lbs. 
absolute and tho stays are placed 4 inches from centre to centio, find the 
tensile force in each stay-bolt and tho diameter which tho bolts or stays 
must have at their weakest point in ordei that tho metal may not bo 
stressed beyond 5 tons to the square inch of their section, (c) Sketch and 
describe fully tho construction of a cylindncal or piston slido-valvo and 
the cylinder ports for the same, llow is tho ung prevented from springing 
into tho port opening ’ 

33. Design a double-riveted lap joint tor a ooiler, tho plating being ^ of 
an inch thick and of steel. Choose your own strength constants, and take 
account of tho bearing strength of the material as well as tho liability to 
tear and shear. 

34. A cylinder 30 feet long and 4 feel, in diameter has to be designed to 
resist an internal fluid pressure of 300 lbs per square inch above the 
atmospheric pressure. Choosing for yourself the various workiyg slrcssps 
to be allowed, determine [a) tho thickness of the steel plate you would 
use, (6) the diameter of rivets and their pitch in tho double-riveted butt 
joints for the longitudinal seams 

35. A Lancashire boiler, 30 feet long and 7 feet fl inches diameter, is 
required to work at a pressure of 100 lbs per square inch, tho material of 
the shell being steel. Design a suitable form of longitudinal joint, choos- 
ing your own working stresses, &c 
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‘A r P*E lN 1 ) IX. 

— L. 

» 

EXAMINATION TABLES. 

‘USEFUL CONSTANT*}. 

1 Inch =* 25 4 millimetres. 

1 Gallon = -1605 cubic foot = 10 lbs. of water at 02° F. 1 lb. sa 01003 
cubic foot. 

1 Knot = 6080 feet per hour. 1 Naut = 0080 feet. 

Weight of 1 lb. in London = 445,000 dynes. 

One pound avoirdupois = 7000 grains = 453 6 grammes. 

1 (Jubic foot of water weighs 62 '3 lbs. 

1 Cubic foot of air at 0° C. and 1 atmosphere, weighs -0807 lb. 

1 Cubic foot of Hydrogen at 0° C and 1 atmosphere, weighs 00557 lb. 

1 Foot-pound = 1*3502 x 10 7 ergs. 

1 Uorse-power-hour = 33000 x 60 foot-pounds. 

% 1 Electrical unit = 1000 watt hours. 

Houle’s Equivalent to suit ltegnault’s H, is J [[’ 'j^ “ J unlt 

1 Horse-power = 33000 foot-pounds per minute = 746 watts. 

Volts x amperes = watts. , 

I Atmosphere = 14 7 lb per square inch = 2116 lbs. per sqnare»foot as 
760 m.m. of mercury = 10® dynes per sq. cm nearly 
A Column of water 2 3 feet lugh corresponds to a pressure of 1 lb. per 
square inch. 

Absolute temp., t « 0° C. 4- 273°*7. 

Regnault’s H = 606*5 + '305 8° 0 * 1082 + -305 8° IT. 

p u l.oflifl 479 

, B C 

log lo p = 6 1007 -j-j? 

where log l0 B = 3*1812, log , 0 C = 5*0871, 

p x in pounds per square inch, t is absolute temperature Centigrade^ 
u is the volume in cubic feet per pound of steam. 

r = 31416 = y = = 10 ( J3 - Ji). 

One radian =» 57*3 degrees. 

To convert common into Napierian logarithms, multiply by 2*3026, 

The base of the Napierian logarithm is t = 27183. , 

The value of g at London *= 32 182 feet per second per second* 
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• TABLE OF LOGARITHMS. 
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TABLE OF FUNCTIONS OF ANGLES. 
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®] be Institution of (S-ibil (tfhighrecrs. 

Extracts from Rules and Syltauus of Ewmin vtions for 

ELECTION OF ASSOCIATE MEMBERS. 

Part II *— -sVi 'nit i fie Knowledge. 

Section A. 

1. Mechanics (one Paper, time allowed, .‘> hours). 

2. Strength and Elasticity of Materials (one Paper, time allowed , 
o 3 hours). 

% 

3 . ^Either (a) Theory of Structures, 

or (b) Theory of Electiicity and Magnetism (one Paper, 
time allowed , 3 hows). 


SECTION B. 

Two of the following nine subjects not more than one from any group 
(one Paper in each subject taken, time allowed , 3 horns for each Paper ) : — 

Group i. Group n. Group m. 

Geodesy. Hydraulics Geology and Mineralogy. 

Theory of Heat Engines. Theory pf Machines. Stain lily and Resistance of 
Thermo- and Electio- Metallurgy. Slop-, 

Chemistry. Applications of Electricity. 


•Candidates may offer them selves for examination m Sections A and B 
of Part II. together ; or they may enter for Section A alone, and, it suc- 
cessful, rh ay take Section B at a subsequent examination. In tho latter 
case, however, such candidates will not bo allowed to present themselves 
for examination in Section B unle9b or until they aro actually occupied in 
woik as pupils or assistints to practising Engineers. The Council may 
permit Candidates who have attempted the wliolo of Part II. at one 
examination, and have failed in Section B only, to complete their qualifica- 
tion by passing in that*, section at a subsequent examination, subject to 
their being then occupied as abo\ e stated. * • 



400 


APPENDIX. 


Mathematics.— H he standard of Mathematics required for the Papers in 
Part II. of the examination is that of the mathematical portion of the 
Examination for the Admission of Students, though questions may be set 
involving the use of higher Mathematics. 

The range of 1 lie examinations ifi the several subjects, in each of ^vhich 
a choice of questions will be allowed, is indicated generally hereunder:—? 


Section A. 

1. Mechanics ' 

Static#. — Forces acting on a rigid body; moments of forces, composition, 
and resolution of foiees; couples, conditions of equilibtiuni, with applica- 
tion to loaded structures. The foregoing subjects to be treated both 
graphically and by aid of algebra and geometry 

Jlydi astatic # — Pressuie at any point in a gravitating liquid; centre of 
press u i o on immersed plane areas; sjicciiic gravity. 

Kinematics of Plane Motion — Velocity and acceleration of * point; 
Jnstarftaneous centre of a moving body. 

Kinetic# oj Plane Motion — Force, mass, momentum, moment of 
momentum, work, energy, then relation and their measure ; equations of 
motion of a particle; rectilineal motion under the action of gravity; 
falling bodies and motion on an inclined plane ; motion in a circle ; centres 
of mass and moments of inertia; rotation of a rigid body about a fixed 
axis; conseivation of energy. 


2. Strength and Elasticity of Materials:— 

Physical pioperties and elastic constants of cast iron, wrought iron, 
steel, timber, stone, an<i cement; relation of stress and strain, limit of 
elasticity, yield point, Young’s modulus ; eoeflieient of rigidity ; extension 
and lateral contraction; ie-ist.mee within the elastic limit in tension, 
compression, shear and torsion; thin shells; strength and deflection in 
simple cases of bending; beams of uniform resistance; suddenly applied 
loads 

Ultimate strength with difTei cut modes of loading; plasticity, working 
stress; phenomena in an ordinary tensile test; stress-strain diagram; 
elongation and contraction of aiea; effects of hardening, tcmpeiing and 
annealing ; fatigue of metals ; nie<isuren\ent of hardness. 

Forms and arrangements of testing machines for tension, compression, 
torsion, and bending tests; instruments for measuring extension, compies- 
sion, and twist ; foims of test pieces afid arrangements fot holding them ; 
influence of form on strength and elongation ; methods of oidinary com- 
mercial testing; percentage of elongation and contraction of area; test 
conditions in speciliuitions for cast iron, mild steel, and cement. < 


3. (a, Theory of Structures: — 

Graphic and analytic methods for the calculation of bending moments 
and of shearing foiees, and of the stresses in mdnidual members of frame- 
work structures loaded j.t the joints ; plate and hox girders; incomplete 
and redundant frames; sti esses suddenly applied, and effects of impact; 
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buckling of strut9 ; effect of different end fastenings an their reBistanco ; 
combined strains ; calculations connected with statically indeterminate 
problems, as beams supported pat throe points, &c. p travelling loads; 
riveted and pin-joint girders; rigbi and hinged arches; strains due to 
weight of structures; theory of *a#th -pressure and of foundations; 
stability of masonry and brickwork structures. 

3. (6) Theory of Electricity and Magnetism:— 

* Electrical and magnetic laws, units, standards, ,«ml measurements ; eleo- 
trical and magnetic measuring instruments ; the theory of the generation, 
storage, transformation, and distribution of elect in al energy; continuous 
and alternating currents ; arc ami mcandes<ent lamps; secondary cells. 


Section B. 

Group i. Theory of Heat Engines 

"Thermodynamic laws; internal and external work; graphical repre* 1 
senfcation of changes in the condition of a fluid ; theory of boat engines 
working with a perfect gas; air- and gas-engine cycles; roversibihty, 
jonditioiis necessary for maximum possible cflieiency m any eyclo ; pro- 
perties of steam ; the Carnot ami Clausius cycles ; entropy and entropy- 
lemperature diagrams, ami their application in the study of heat engines ; 
ictual heat engine cycb". and their thermodynamic losses ; ellects of 
ilearauce and throttling ; initial condensation; testing of hint engines, 
md the apparatus employed ; performances of typical engines of different 
passes ; cflieiency. 


Group li. Hydraulics : — 

The laws of the flow of water by orifices, notches, and woirs ; laws of 
fluid friction ; steady flow in pipes or channels of uniform section; resist- 
ance of valves and bends ; gcneial phenomena of flow m rivers ; methods 
of determining the discharge of streams; tidal action; generation and 
effect of waves ; impulse and reaction of jets of water; transmission of 
energy by fluids; principles of machines acting by weight, pressure, and 
kinetic pnergy of water ; theory and structure of turbines and pumps. 

Theory of Machines : — 

Kinematics of machines; inversion of kinematic chains; virtual centres; 
belt, rope, chain, toothed and screw geaiing; velocity, acceleration 
and effort diagrams; inertia of reciprocating parts; elementary eases of 
balancing; governors and flywheels; friction and elhoiency ; strength and 
proportions of machine parts in simple cases. 


Group iii. Applications of Electricity: — 

Theory and design of continuous and alternating-current generators and 
motors, synchronous and induction motors afid sti&ic transformers ' m design 
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of generating- and sub-stations and tipi principal plant required in them ; 
the priucipal systems of distributing eleetjical energy, including the 
arrangement of m^ins and feeders; estimation of losses and of efficiency; 
principal systems of electric traction : construction and efficiency of the 
principal types of electric lamps. ,, ' 


t3T Candidates should see, that- all their “ Forms ” are duly completed and 
pat^d by the Council of the Institution of Civil Engineers, Great 
George Street, Westminster, S W., befoi e 1st January for the Feb- 
ruary Examination, and before the 1st September for the October 
Examination 


Examinations Abroad. -Tile papers of the October Examination 
only will be placed before accepted Candidates in India and the 
Colonies. To enable the Secretary to make atrangements for the 
Application Foims and Fees, &c of these Candidates, their Forms, 
ile., wist he m the Secret at y’s hands, before the 1st June preceding 
the October Examinations. 
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THE INSTITUTION ,OF CIVIL ENGINEERS 
EXAMINATION, ’OCTOBER. 1913. 


ELECTION OF ASSOCIATE MEMBERS. 


THEORY OK HEA'I KM; INKS 

Not inuif hinn i ii ii r ij a. >, Eons In Ik 1 tidnn )‘ted hi; any Candidate, 

1. State briefly the (irtvaiu.^a of u me mull t slago compressors. 

Air is compressed adiabaticuily Dorn a o-i'smiic ol Id lbs pei square 111^)1 
absolute to 90 lbs per sqnar' 1 inch air ohite Kind the lin.i 1 temperature 
ol tho air if the initial tcmpeiafure is Do K ( Av-mno ?/ 14) 

2. r riio following icsiilts were obtained imm the test of a gas engme 
working on the Otto cycle — 


Duration of test 111 minutes, . , . , . 90 

Indicated horse powei, ...... I 50 

Total gaa used in cubic leef . , . 3,825 

• Calorific value of iras pei i u hie loot KTht'. . . 500 


t Clearance volume Id per cent of pislon di-.pl,u unont 

Find the thermal ellieiencv and the « fheiency-iatio of t h<* eimme 

3 Sketch and df-seiibe some sy st cm ol loti ed diaueht lm '.ti ,un boilers, 
and state briefly the advantages of lorced diauuht, and its Hlecdg upon the 
thermal efficiency of boileis 

4. Steam enters the no/.zlo of a Do Laval tuibme and i vpands to the 
condenser pressuie The theoretical heat dtop is 230 It r l h l' per pound, 
but 10 per cent of the energy is lost in Ii i< turn Oiau Mm velocity-diagiam 
of the steam passing thiough the tuibnn' il the nlufive velocity at evil is 
85 per cent ol the inlet \cloeity Kind the ellieieney ol the nozzle and vanes, 
assuming the steam inters the vanes without shock and that the inlet and 
outlet angles of the vanes are cqval. The peripheral velocity oi the wheel 
is 1,200 feet per second. The nozzles art' uu lined at an angle of 20° to the 
plane of the wheel. 

5. The following results were obtained tmm o test ol a steam engino 
controlled by a throttling govcrnoi -- 


Indicated lb use 1’ovu i 

LI)- cl 'Minin i»» l Hour 

•103 

1,015 

304 

4,G30 

• 

• 
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Assuming Willans'alaw, find an equation connecting the horse-power and 
the ste&m used ; also find the steam consumption per hour at 220 I. HP. 

6. Sketch tho temperature-entropy dragram tor ammonia, and show 

on, it the refrigerating cyclo for wet compression How is the coefficient 
of performance determined ? ♦ 

7. Find tho work done per pound of steam by a steam engine wdrkirfg 
on the Rankinro oyelo between 362° F and 152° F. flow many pounds 
of steam aro required per horse-power, given the following Tabic ? 


Temperature. * 

Entjopy of 1 l,b of 

'I’otal'Enf ropy of 1 Lb. 

0 y 

\\ ati’i 

• of StiMin. 

302 

0 519 

1*500 

152 

0*218 

1*803 


* 8. Find tho dryness of tho steam after cut -off as three-quarters of tho 
stroke from the I ol low mg pai (icul.us of an engme-tj ml, assuming no leakage; 


Condensed steam per hour m pounds, . . 4,008 

Revolutions pci minute, ..... 120 

Volume ol cylinder, cubic feet, ..... 3‘6 

Clearance per cent , . .... 5 

Pressure oi steam m pounds per sqiiaieinch as ( stroke, 41-8 
Volume in cubic lertol lib nl steam at 41 *8 lbs pressure, 10-05 
Pressure ol steam in pounds per square inch at 0 84 of , 

the ret urn troke and commencement ol compulsion, 17*2 
Volume m cubic lecl ol 1 lb oi steam at 17-2 lb,s per 
square inch, •. ... 23-14 


9. Desoribo with a sketch (i) some method of measuring high tempera- 
turo in heat engines; or (n) some method ot mcasuimg the fluctuation of 
speed of rotation of an engine 

10. Describe the Ideal Carnot cycle by means of a p v diagram, and by 
means of a tempcrature-entiopy diagram A perlcct engine working on 
the Carnot cycle receives 5,00(1 i> Tli l) per minute at 2,000° F. ; the heat 
is rejected at 500° K. Find the house-power and the elliciency of the engine. 

11. Explain with a sketch the \\»ukmg‘.>f a suclmn gas producer. What 
is the object of admitting vapour with the air? Describe any method of 
rogulating the vapour supply 

]2. Steam passes through a,thiotllmg calorimeter where it is reduced 
in pressure from 120 lbs per squnie meh (temperature 2141° F.) to fo lbs. 
per square inch. Tho tempcratuie allei expansion is 230° F. Tho tempera- 
ture of steam at 15 lbs per square inch is normally 213° F Find thb original 
dryness of tho steam The latent heat of 1 lb of dry steam is approximately 
l,il4 — 0‘1 1 thermal units, wheie t is'. lie temperature ot the steam in 
degrees Fahrenheit. The specific heat ol superlies ted steam may be taken 
as 0*5. 
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F eh' nary, 1914. 


THEORY OF II NAT KNOJNKS 

» 

Not more than kiojjt questions to be attempted by any Candidate, 

I. Find the diameter ol the Inch- and low-pressure cvliuders ot a com- 
pound online to develop 120 indicated horse-powH'r with .1 piston speed of 
600 feet per minute. •Ratio ol cylinder volumes I : 3- 25 Admission 
pressuro, 115 lbs per square iueli absolute, condenser pressure, 3 lbs. 
per square mch absolute; cut-ofl m the high piessuic cylinder, 0-5. Assumo 
a diagram factor of 0 7 

2 Sketch and describe some toim of carburettor lor a petrol engine. 
Stato some of the dillioulties to be ovcicomo m th(' design ot carburettors 
for motor work ^ 

3. Air is drawn into a comjue^soi at atinosphene juessuro and com- 
pressed to a picssure ol five atmo-phen s laud the hoise-powcr requir'd 
to compress and deliver 1,000 culue ket ol flee an. assuming (a) isothermal 
compression, (b) adiabatic completion (// - 1 4 ) 

4. The following results weio obtained 1 10 m the te 4, ol a steam engine : — 


Mean pressure on 

the 

pislon m ] 

xumds |)er squaie inch, 

40 

Revolutions per mini 

fe (dou bh 

-acting), 

ISO 

Net load on biak 

e m 

pounds. 


400 

Radius of brake 

o. id 

in kef. 


5 

Steam c.ondensei' 

pei 

1)0111 m p< 

muds, 

1,256 

-Diameter ol evlit 

ulci 

m liichco, 


12 

Lengtli of sjn-oke 

in b 

ret, . 


I- 


Find the indicated horse-power, brake hoisc-pbwt r, mccliamcai efficiency, 
and steam per horse-pew ei -hour 

5. Use the following Table to draw a tmu porn lure-entropy diagram, and 
from it find the woik done per pound ol dry steam by a perfect engine 
working on the Runkme eyeh' between 150 lbs per squaie in< li and 16 lbs. 
per square mch absolute pre&suies Also dcteimmo the dryness of the 
steam after expansion. 


Pi ess ure. 

Lbs. per Square Iuel 

! 

j Tcnijn i.itutc 

1 e tv 

! 

Ilntl opy of 1 Lb 
of Water. - 

l'ol al Entropy of 

1 Lb oi Steam. 

• 

1 



150 

350 

0-514 

1-569 

16 

1 216 

0-310 

1-749 


1 • * 




6. Make an outline sketch ot on her a link-motion, or of some form of 
radial valve-gear. Explaui how \ 011 would determine the angle of advance 
and eccentricity of tl» equivalent eccentno for a givVn iiosition of the 
gear. - 
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7 State tho ohief items of cost in generating a unit of onorgy ; (a) by 
steam -plflnt, (6) by gas-plant in a power station. What is the effect of , the 
load-factor on thesd items, and how is therquestiou oi the typo and dimon* 
sions of the plant affected by tho load -factor > 

8. The following results were obtained trom tests of two separate boilers : — 

1 » 



No. I. 

No. II. 

Witer evaporated per pound of coal, lbs ^ . 

8*7 

9*2’ 

Temperature of feed-water, 0 F , 
Temperature of saturated steam at boiler- 

69 

200 

pressure, 0 F., ' 

340 

380 

Degrees of superheat, F., . , . 

Dryness of steam, 

0*98 

100 


Assuming, the quality of the ooal to be the same in both cases, determino 
which is tho more efficient boiler Latent heat of 1 lb. of dry steam =s 1,114 
— 0-7 t, where t is tho temperature of tho steam in 0 F. The specifio heat 
of superheated f.team may be taken as 0-5. 

9. Dosoribe briefly the principle of action of De Laval, Rateau, Curtis, 
and Parsons steam turbines. Show by a diagram how the prossure and the 
volooity of the steam vary in passing through any one of these turbines. 

10. Explain fully the reason of the efforts made to improvo the quality 
of the vacuum in steam-turbine plants, and desoribo some form of improved 
condensing and air-pump plant used for this purpose 

11. Tho volumetiio analysis of the tiuc-gas of a boiler gave tho following 

results: — CO,, 10 percent ; oxygen, 9*7 peroent. ; nitrogen, 80*3 percent. 
Find the weight of air supplied per pound of coal it tho coal contained* 
82 per cent, of carbon, 5*3 per, cent, of hydrogen, 4 per cent, ol ash, and * 
8*7 per oont. of incombustible gaseous products. t 

12. The prossuio and volumo at several points in tho compression of ^ 
gasoous mixture in a gas-engino cylinder is shown in the following Table * 


v r 

Pressure, , . . 

20 

45 | 

80 

130 

Volume, . 

1 4 T6 | 

2*52" | 

1*62 

i 

i 

! 1*10 

1 

i 


Assumo the curve can bo represented by an equation of the form P V* ~ c, 
and determine tho value of n. , 


October , 1914. 


t 

THEORY OF IIEAT ENGINES. 

Not mqrc thc^i eight questions lo be attempted by any Candidate 

l. St^te the seoond law of Thermodynamics an£ show how the growth' 
of entropy in irreversible cycles is in conformity with this law. 
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• 

2. Dofino the following terms : specific heat of a gas^at constant volume ; 
adiabatic expansion ; latent heat <j! evaporation ; total heat of a saturated 
vapour; heat of a liquid. St|te tho relation existing between the last 
throe terms for the same liquid. 

3. What is tho difference betwoufc tjio theoretical Otto and Diesel cyoles ? 
JWhieh ia theoretically the mT>st efficient, assuming the same ratio of com- 
pression in both oases ? Which is practically the most efficient, and why ? 

4 . What is meant by a reversible cycle and by an*irreversible cycle ? 
Which portions of tjie cycle of an actual simple steam enirino are irreversible ? 

5. Draw a Mollier heht-chart with the date given below (only the 200° F. 
superheat line, tho saturation line, and the linjs representing the given 
pressures need bo drawn). Why aro the pressure lines straight in the satu- 
rated field and curved in the superheated field ? Assuming tho initial 
condition of tho steam to be 200 lbs per squaro inch absolute pressure 
and 200° F. superheat, draw a line representing tho ltankine cycle and a 
line giving 70 per cent efficiency ratio ; m both cases terminating at 2 lbs. 
absolute pressure. 


JL 



Pressure. 

Total lteat. 

Entropy. * 

✓ 

Lbs, per Sq 

U Th l' per 



In aba 

J.b 


f 

200 

1,308 

1-663 


100 

1,280 

1-719 

Suporheat 200° F., . 

25 

1,256 

1-833 

5 

1,222 

1-972 

{ 

1 

1,206 

2-053 

• 

[ 

200 

1,198 

1-546 

. 

100 

1,186 , 

1-602 

Saturated, # , 

25 

• 1,160 

1-714 


5 

1,130 

• 1-843 

1 

1 

1,115 

1-918 

f 

200 

1,030 

1-346 


100 

1,009 

1-377 

0*8 dryness fiaotion, . 

25 

070 

1-444 


5 

030 

1-520 

1 

1 

911 

1 

1-570 


6. What is meant by the term “ missing quantity ” in the case of a steam 
engine ? Give your views as to tho relative effect of valve leakage, oylindoi 
walls, and moisture film on the missing quantity. 

7. Describe and illustrate with hand -sketches a method of weighing the 
feed water in a boiler trial What kind of corrections have to be made 
to the feed so measured to obtain the actual rate of feed of the boiler ? 

8. Describe one of Jdie following kinds of brakes : — (a) Prony brake ; 
(b) Froudo water-brake. Obtain from first principle^ the formula for cal- 
culating the B .H .P. 

9/ The economy o^a steam Engine is generally stated as'the number of 
pounds of steam required por I.H.P.-hour. $how that this ^statement 
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is incorreot and that the error is greater with superheated than with satu* 
rated strain. ' * 

10 . In the Diesel f type of oil engine a portion of the horse-power developed 

in the cylinders is required for working the air-compressor. Should this 
fact be taken into account when cal^ulf ting the oil consumption per Indi- 
cated H.P., and if so in what way and to what extent ? *■ . * 

11 . One pound of air is compressed adiabatically to one-fourth of its 
„ original volume. 'Calculate the temperature reached, taking the initial 

temperature at 60° F. and y - 1*4. How many B.Th U. must be removed 
from the compressed air in order that it may be cooled to the original tem- 
perature, without changing its compressed volume ? Cr = 0*17. 

12. The dryness of fraction of steam is ascortajmed to bo 0*96 and the 
pressure is 170 lbs per square inch absolute. Find the total heat of this 
steam given that the total heat of saturated steam at this pressure is 1,195-4 
B.Th.U. per pound, and that the water heat is 340-7 B.Th.U. per pound. 
If this steam were expanded by throttling, show how to calculate the tem- 
perature when the steam is just saturated. 


February , 1915. 


THEORY OF HEAT ENGINES. 

Not more than etght question s to be attempted by any Candidate 

1. Explain the statement that if the condition of a substance is changed 
along 'a reversible path tho difference, of entropy between the final and 

the initial stages is the summation of Show that the difference of en- 
tropy is greater than this if the path is irreversible. 

2. Obtain the usual expression for tho adiabatic expansion of a perfect 
gas. 

3. Assuming constant specific heat, sketch the theoretical Otto oyole 
both on tho p v and on the 0 cp diagram, and explain tho meaning of each 
line. Superimpose in each case diagrams that might bo obtained from 
an actual engine, stating the causes of the differences between the actual 
and the theoretical diagrams: 

4 Sketch a 0-<p chart for steam and show by its moans that the loss due 
to reducing the admission pressure by throttling is considerably less*than 
that caused by an equal incroase in baok-pressuro. { 

5. Desoribe shortly how you would carry out the test of a gak engine 
of, say, 20 B.H.P using town's gas wi^h tho object of ascertaining the 

gas consumption per B.H.P. -hour. 

6. Given the analysis of the fuel, of the flue gftses, the temperature of 

the flue gases leaving the boiler and the temperature of the air in the boiler 
room, explain the piethod of calculating the heat carried away by the flue 
gases per pound of fuel. _ ( * 
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7 . The conditions under which a atoam engine is wording give an available 
heat fall of 318 B Th.U per lb. of steam The result of a test gav* a steam 
consumption of 10 10s. per I.Jf P.-hour. Calculate the efficiency ratio 
Does the result throw any doubt on the aocuraoy of tho test of stoam con- 
sumption ? * # 

• 8. *The thermal efficiency of a gas engine wo i King with suction gas is 
30 per gent The efficiency of tho producer is 80 per cent , and anthracite 
of 14,000 B.Th.U. per lb is used, 7 costing 28s per ton Tho overall thermal 
efficiency of a steam plant is 15 per cent unng coal of 12,500 B Th U* per 
lb , oosting 12s. per ton The brako efficiencies aro 80 and 92 per cent, 
for the gas and tho steam engine respectively IWhat is tho cost of fuel 
in each case working art 100 B 11 P. for 3,000 hours, omitting standby 
losses ? 

9. Explain tho terms specific heat at constant volume, and specific heat 
at constant pressure What views are now held as to the variation of these 
specific heats with temperature and with pressuro in respect of tho products 
of combustion of a gas engine ? 

10. The ratio of the lugh-pressuro to the low-pressurg cylindor of a 
double-acting compound steam engine is 1 to 3 Tho average mean pressure 
of tho high-pressure diagrams in 51 lbs per squaro inch and that of tflo 
low-pressure diagrams 15 lbs per square inch The area oi tho iow-prossuro 
piston is 700 square inches, the stroke is 2 feet, and the speed ] 80 revolutions 
per minute. Calculate the I U.P. 11 the B H P measured is 450, what 
horse-power is required to overcome engine friction, and what is tho brake 
efficiency ? 

11. Tho oxplosive mixture in a gas-engiuo cylinder can produce G00B Tli.U. 
4 >er lb. At the boginning of compression tho temperature is 250° F. Com- 
pression takes place adiahatically to one-sin onth the original volume 
Explosion then occurs at constant volume What theoretical temporaturo 
would be reached, assuming constant specific heats. C y = 0-19 and C„ 
= 0*26? 

12. Describe somo form of throttling calorimeter for determining the 
dryness fraction of stoam, explaining the principles of its action jmd bating 
the measurements to be taken 
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heat— temperature and the pressure— temperature curves and the density 
of water.. Calculate the volume per pound of dry saturated steam at 200 lbs. 
per square inch absolute from the following data : — * 

Pressure (lbs. per square inch %blolute). . 195 200 205 

Temperature, 0 F., .... 379-4 381-6 383-7 • 

The latent heat as fjressuro 200 is 850-3 B Th U. • 

3. , In respect to engmo indicators of the ordinary type, enumerate th© 
chief sources of orror arising m connection with the'attachment and adjust- 
ment of the instrument ^Stato how the errors can be minimised. 

4. Air, at a temperaturo of 80° F., is oomprcssed from 15 to 90 lbs. per 
square inch absolute, and tho curve of compression is p tA 2 s= constant. 
Find (1) tho work done, and (2) the heat lost to the cylinder walls, per 
pound of air. The specific heats at constant pressure and constant volume 
are 0-2375 and 0-169 respectively. 

5. In a surfaco condenser the tubes were inch thick, and the thermal 
conductivity of the material was such that 25 B Th U. were transmitted 
across a plAte I inch thick per squaro foot per hour per degree difference 
oi* temperature of tho two sides of the plate Calculate the heat flow across 
the tubes if tho outside and inside wore at tho temperatures of the steam 
(132° F.) and water (80° F.) respectively. Explain why the actual heat 
flow is smaller than that calculated 

6. In an ideal engine cycle with constant admission and back pressure 
and curves of expansion and compression ptf 1 - constant ; show that 
the amount of clearance has no effect upon the efficiency, provided the 
expansion is earned to the lower and the compression to tho higher pressure., 
What are tho effects of clearance and compression in ordinary engines 7 

7. In an ongino working on the Rankine-Clausius cycle, the steam tynng 

dry saturated at entry, the limits of temperature are 344° F. (latent heat 
880 B.Th.U.) and 126° F. (latent heat 1,020 B.Th U.) ; the thermal effi- 
ciency is 25 per cent. If the steam is superheated 200° F. at inlet, calculate 
the additional work dono and the thermal efficiency. Explain why the 
addition of heat as superheat gives proportionately more work ( 1) in theory, 
(2) in practice ' 

8. A diverging nozzle is supplied with superheated steam at a given 
pressure, and expands tho steam to a lower pressure at winch the quality 
is given. Show how to calculate tho diameter at the throat and at exit 
for a given discharge and how to determine the velocity of the steam at 
exit. 

9. A triple-expansion marine engine is required to give 2,000 I.H.P., 
the piston speed being 720 feet per minute, and the cut-off being at 0-7 of 
the stroke in the H P. cylinder. Tho steam-chest and back pressures are 
205 and 2 lbs. per square inch respectively. Taking the diagram factor as 
O l 65 and the ratio of the L P. to H.P. oylinder areas as 7-8, find suitable 
cylinder diameters. 

10. Draw p-v and 6 - 9 diagrams for a refrigerating machine, using air, 
whioh has admission and exhaust at constant pressures; and adiabatic 
compression and expansion. If tho torffperatures at beginning and end 
of compression are 20° F and 390° F , and the temperature at the beginning 
of expansion is 100°-F., find the coefficient of performance. 

11. Draw up a heat balance for tho following test of a jacketed engine, 
expressing the re’shlts in percentage of heat supplied : — I H.P., 200 ; ad- 
mission pressure, 150 lbsf. per square inch absolute ; steam 3 per cent. 
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wet; cylinder feed, 3,550 lbs. per Jiour; jacket feed* 200 lbs. per hour; 
circulating water, 66,000 lbs. per hour, the rise of temperature being 49° F. ; 
feed temperature, 12(r F. At 450 lbs pressure tho sensible and latent 
heats are 331 and 869 B.Th U per nound. 

12. In a gas engine working on ill* Otto cycle the clearance volume is 
dhe-tliird of the volume swept by the piston per stroke Find tho thermal 
efficiency of the corresponding ideal air oycle Find alsojbho mean pressure 
ici fhe ideal oycle if the pressure at the beginning of compression is 15 lbs. 
per square inch and»if tfye maximum pressure is 3 times the pressure at the 
end of compression. Take the ratio of specific heats as l -4. 


February , 1916 . 


THEORY OF HEAT ENGINES. 

Not more than jeight questions to be attempted by any Candidate. 

1. Show how an absolute scale ol temperature can be defined, and state 
how air and mercury thermometers dilfei tiom such a scale. Using the 
absoluto scale, find an expression lor the efficiency of a perfect heat engine, 

2. Steam 5 per cent wot at pressure 105 lbs por squaro inch absolute 
is throttled to 85 lbs per square inch absolute and then expanded adiabatic* 
ally^o 40 lbs. per square inch absolute. Find tho wetness after throttling 
and after expansion. At pressures 40, 85, find 105 the temperatures are 
267°, 316°, and 331° F., and the latent boats arc 935, 901, and 890 B.Th.U. 

3. Desoribe with sketches either — (1) an engine indicator of £ho qptical 
type ; or (2) a shaft transmission dynamometer for a steam turbine 

4. Prove the relation that oxists between the specific heats, at constant 
volume and constant pressuro, of a gas. Calculate the difference between 
the two spooific heats of air, having given that a pound of air has a volume 
of 13*1 cubic feet at a temperature of 60° F. and pressuro 14 7 lbs. per square 
inch absolute. 

5. Discuss the results of experiments upon the rato of transmission 
of heat to metal surfaces from, gases and water flowing at high speeds. 
Indicate the bearing of such experiments on bodcr and condenser design. 

6. Taking the Rankine- Clausius cycle as the standard of comparison 
for tho efficiency of steam engineb, enumerate tho sources of loss in the 
actual as compared with tho ideal engine. Tho steam consumption of an 
engine is 13*5 lbs. per I H.P -hour, and the work done in tho corresponding 
Rahkinq-Clausius oycle is 295 B.Th U per pound. Find tho efficiency ratio. 

f. In a simple impulse turbme of tho de Laval type, the mean blade 
speed is 1,200 feet per second, tho angle of the jet is 20°, and the blado 
angles are each 36°. If tjjiore is no loss by shook at entrance, find the velocity 
of the steam. For that velocity find the work done on t^he blades per pound 
per second and the ratio of tho work done to the kinetic energy of the steam. 
Take the relative velocity at exit as 90 per cent, of the relative velocity at 
inlet. 
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8. Discuss the mse of superheated ^team in engines from tho thermo- 
dynanhe and practical aspects Note some of the^hicf points to bo con* 
sidored in the design of engines for uso Wtf h highly superheated steam. 

9. Show how to combino tho full loaiLindioator cards for a triplo-expansion 

engine, exhibiting them in relation •to* one saturation curvo. Indicate the 
effect on tho diagrams ol throttling tho steam supply. * • 

10. Sketch a t^tal heat-entropy chart for steam, showing curves of con- 
stant pressure, constant dryness, and constant superhoat. Explain son 
of the uses of this chart in ciicmc and turbine problems. 

11. Exhibit on a (?-<p chart the cycle of a vapour compression refrigerate 
using ammonia, the corf pression being wet and the liquid boing admitte 
through tho expansion valve before cooling to* the lower temperatur 
Show how to find the coefficient of performance. A plant produces 1 to 
of ice por hour, each pound representing 170 B Th U. If the coefficient < 
performance is 60 per cent, of that of the corresponding ideal cycle, in whic 
550 B Th U. arc absorbed for an expenditure of 74 B Th U of work, fin 
the horso-power necessary to drive the compressor. 

12. Calculate the thermal efficiency of an ideal air engine working on tb 
Diesel oyclo. The com pression and o\ pansion curves-are adiabatic (y = 1 *4 
ahd the ratios of compiession and expansion arc 14 and 7 rospectivefy. 
The temperature at the beginning ol compression is 1 10° F. 


February , 1917 . 


TI1EOKY OF HEAT ENGINES.*' 

* Ndl mote than kiuht quc.shon.s to be attempted by any Candidate. 

1. One pound of air at 00 -1 F is drawn into an air compressor at 15 lbs. 
per square inch absolute pressure, compressed adiabatieally to 90 lbs. per 
square inch and delivered to a receiver Assuming tho oomprossed air 
to by used in a motor without expansion at 00° F , find the ratio of the 
work done m tho motor to the work expended in tho compressor. Neglect 
losses 

2. Draw the idoal indicator diagram fl-om tho following data, and find 
the mean effective pressure Admission pressure 80 lbs por square inch by 
gauge; cut-off at 0 4 of stroke; release at 0 95 of stroke; compression 
at 0'9 of stroke ; back pressure 17 lbs per square inch absolute ; clearance 
6 per oent. ; expansion and compression curves p v — constant. 

3. A g$.s engine uses 19 cubic l'eet of gas per hour per indjeated horse- 
power (calorific value 550 B Th U per cubic foot). Find the* thennal 
efficiency of tho engine and the efficiency ratio, if the compression ratio 
is 4*5 to 1. Assumo the ratio of the specific heats is 1 -4. 

4 In a trial of a steam boilor the feed water enured the boiler at 100° F. 
and was evaporated into steam at 382° F The steam was afterwards 
raised to 582° F by tho flue gases without change of pressure Find the 
equivalent evaporation from and at 212° F if 9» pounds of water were 
evaporated per pound of fcoal consumed. Why is the “ equivalent evapora- 
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tion from and 212° F ” usually ^tatcd in boiler trials ? Latent heat of 
steam = 1,1 14 — 0-7 t, where l is tho temperature of evaporation. *Speoifio 
heat of superheated stAm = 0-5 ? * 

5 Ono pound of water at 32^ F. is raised to 32S 3 F. and then converted 
into steam at 328° F Draw an eiAr<*py scale tor the above process, and 
complete tho temperature-entropy diagiam. (The latent heat of ono pound 
of steam at 328° F. — 800 B.Th.U j State numerically tho heat units 
represented by 1 square inch of tho diagram. 

6. Show approximately tho positions of tho crank of a gas engine when 
the valves open and closo and when ignition takes place. Ilow can tho 
‘Valve Setting of a gas engine bo practically dcteim^ied * 

.7. Explain what is m«ant by wot and dry compression in an arpmonift 
compressor Illustrate your answ or by reference to the tern porature-entropy 
diagram. In a test of an ammonia compressor 80 lbs of cooling water were 
required per minute, having an inlet, temperature of 55 F and an outlet 
temperaturo of 67° F. Diameter of compressor cylinder B inches; stroko 
10 inches; 150 strokes per minute; mean piessuie 55 pounds per square 
inch. Find tho coefficient ol performance, neglecting all heaj lossos 

8. The out-ofl of the steam in a steam-engine cylinder is required to 
be»at 0-5 of tho stroko ; angle of lead 0° ; greatest opening to steam 2 inched, 
Find the travel of the valvo, lap of tho valve, and angle ot advance of tho 
eccentric. Neglect the obliquity of the connect mg-iod 

9 Show by sketches how to take a sample ol the boiler Hue gases and how 
to determine the percentage of cat bon dioxide and oxygen present What 
precautions are necessary m ordei to obtain an accurate result? Stato 
approximately the percentage ol each when tlie boiler is working economically 
path coal as fuel 

* 10. What is meant. 1>\ the higher and lowet calorific value of a fuel? 
Explain, how the ealorilic value ot a iuel oil may be determined In a 
calorimeter experiment it was lound tli.it. 0 017 lb of oil was consumed 
and 6 lbs. of water. were raised 51' F Calculate *he higher calorific value 
of the oil 

11. Explain with a sketch the construction and working ol wine ‘typo 
of gfts producer for gas engines Compaie the suction gas pioducer with the 
pressure gas producer 

12. In recent years steam turbine- have be< n eomhnn d with reduction 
gearing in certain cases lor fcli«* pmpulsmn ol ships Explain biiefly the 
reasons for such speed reduction, and sketch and describe any type which 
has been used. 
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# February 1918 . 

, THEORY OF HE^-ENGIN«S. 

Not more than eight question* to he attempted by any Candidate. 

!. State the second law of therrffoaynaraLcs and apply it to define the 
thermal efficiency of a steam engine. * ' 

2. Make hand ^ketches of the indicator diagram of a simple condensing 
steam engine outting off at about 0-3, also of a gas engine, choosing your 
owfi data as regards pressures. Compare the two tiiagr&ms in respect 
of the admission, oypanjdon, and compression lines, stating approximately* 
the pressures and temperatures at the beginning and end of eaoh. 

3. Explain how the ratio of the cylinders of a* compound reciprocatidg 

engine can be determined, so that tho horse-powe^in each cylinder shall 
be equal, using either the p.v. or the % method. . - 

4. What mechanical and thermodynamical advantages are gained by 
combining turbines of the impulse and reaction types (known as the diso 
and drum type) ? Describe shortly tho construction of such a turbine, 
illustrating yotr answer with a hand-skctch v 

5. Make a hand-sketch of a longitudinal -••eotion of the oylind^r of a 

uniflow" steam engine. Describe the principle applied and show wiy 

this type is economical. 

6. Define the following terms in relation to steam : — Latent heat, total 
heat, water heat : what relation exists between the throe. Calculate the 
B.Th.U. required to produce l lb. of steam having a dryness fraction of 
0-8 from 1 lb. of water at 100° E., given that the temperature of the steam 
is 350° F., and the latent heat 870 B.Th.U. per lb. at the latter tempera- 
ture. Make a hand sketch of a 0q> diagram explanatory of the above. S 

7. Show that the power that can be developed by a gas engine depqpds 

to a very small extent on the calorific value of the gas. • 

8. It is desired to determine the gas consumption per B.H.P., the mech- 
anical efficiency and the Jhermal efficiency of a small gas engine working 
with {own gas. Give a list of the testing appliances required and describe 
how you A^ould conduct the test. 

9. What are the heat losses in a gas engine ? Show how they can be 
exhibited on a $9 diagram. 

10. A steam turbine and a reciprocating steam engine when working 

with 2.7 inches of vacuum have tho same steam consumption. Show that 
if the vacuum is increased, to say 29 inches, the steam consumption of 
tho turbine will be greatly improved, but that of tho reciprocating engine 
hardly at all. % 

11. Explain what is meant by clearance in a steam engine. What effect 

has an increase of clearance on tho mean pressure, and on tho> steam con- 
sumption. ? , 

12. Define the term “ efficiency ratio,” and state what data are required 
to compute it : — 

• (a) In the case of an oil engine. , 

(&) »• „ gas „ 

A test gave 13-4 lbs. of steam per kilowatt-hour in the case of a steam 
turbine when the steam conditions wero such that the heat drop was 380 
B.Th.U. per lb. Assuming that mechanical and electrical losses in the 
steam turbine and the generator are together 10 per cent., calculate the 
“ efficiency ra’tio.V, One kilowatt-hour is the equivalent oP3,410 B*Th,U, 
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October, 1910 , 


THEORY ’OF ^HE AT ENGINES. 

*Not more tJuin eight questions to be attempted by any Candidate , 

1. Sketch pressure-volume diagrams of the following, neglecting clearance 
and compression - 

(a) An engine working on the Rankine cycle. 

( b) „ „ non-expansively. ^ 

(c) „ t f with incomplete expansion — that is, the back 

pressure is less than the pressure at the 
• end of expansion. 

Make sketches showing the temperature-entropy diagrams for the above 
and cross hatch the area showing the loss due to incomplete expansion. 

2 . Steam leaves the nozzles of a Curtis turbine at 2, IKK) feet per second. 
Assuming the inlet and outlet angles of the blades are the game, draw the 
velocity diagram if the steam enters the blades without shock. Allow a 
loss of velocity of 10 per cent in both the moving and stationary bladcB. 
State the blade angles and the final velocity of the steam. The inlet nozzles 
are inclined at an angle of 20° to the plane of the wheel, and the velocity 
of the wheel is 450 feet per second. The tui bine consists of two rows of 
moving blades and one row of stationary blades. 

3. State briefly the thermal and mechanical advantages of two-stage 
air compressors. What is the maximum pressure to which you consider 

.♦air should be compressed in a single stage ? Give reasons for your answer. 
Air is compressed adiabatically from I f lbs. per square inch absolute 
to TOO lbs. per squaro inch absolute. Find the tempeiature at the end of 
compression if the initial temperature is GO K. 

4. Describe the 0 cyelo of operations of a refrigerating machine of the 
compression type using ammonia as the working substance. How docs 
the cycle .differ from that of the reversed Carnot cycle? Illustrate your 
answer by tho temperature -entropy diagram. 

5. State the difficulties to be overcome in designing a carburettor for a 
petrol engine and make a sketch illustrating the construction of one type. 
Explain any special advantage of tho type you select. 

6. Assuming that the specific heat of a gas is constant and that the 
adiabatic expansion of the gas may be represented by the equation P V * 
= constant; show that the index n is the ratio of the specific heat at 
constant pressure to the specific lieat at constant volume. 

7. State what you consider to be in Lancashire boiler flues, a satisfactory 
percentage of C0 3 and a satisfactory temperature for the chimney gases, 
with»anu without economisers. What are the most common causes of 
inefficiency in boiler plants and how can the efficiency be improved ? 

8. Thp lap and lead of a valve is 1 inch and cut-off takes place«at 0*75 of 
the stroke. Find the travel of the valve and the angle of advance of the 
eccentric if tho lead is X V inch. Neglect the obliquity of the connecting- 
rod. 

9. State three of the methods which have been adopted for governing 
gas engines. Discuss briefly the circumstances under which each system 
}8 likely to give good results 
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10, It, is usual to # make a special effort to obtain the highest possible 
m a steam tuibine plant. Explain why it is more important to 
secure a high vacuiyn ip a turbine plant tlmn in the irdinary reciprocating 
engine_plant, illustrating your answer by the temperature-entropy diagram, ' 
■ n. Steam enters a oylinder at a gr^tsure p 1 and expands according to 
tho.lawp V ~ Constant ; the back pressure is V Prove that the maxi^una 
work-pet oubio toot of steam is obtained when the, nmnto ofexpansions ia 

& - Neglect initial condensation, compression, and 'durance, < v '^’V' * 

Pt * ' , , * y' r '■"** 11 

1^. Makri a dine sketch of the Stephenson Link’ Motion open^ 

rods, tb) with Crossed rods. State the effect on the lead and Op the valve 
travel as the block moves from the end of the link io the centre df thelink 
in both, cases. " ~ ' 


April, 1920. 


THEORY OF HEAT ENGINES. 

Not more than eight questions to he attempted by any Candidate. 

1. A perfect steam engine works on the Rankine cycle between 300° F. 
and 120° F. Find the dryness of the steam after expansion, the work ^ 
done per pound of steam and the pounds of steam required per hour per 
horse-power, given the following Table : — * 


• 

, Temperature 0 F. 

Entropy of 1 Lb. 
of Water. 

• 

Total Entropy of 

1 Lb. of Steam. 

300 

0438 

1-626 

120 

0105 

1-941 


2. In a steam turbine the velocity of fne steam leaving the nozzles is s, 
2,900 feet per second, and the nozzles are inclined at an angle of 20° to the 
plane of the wheel. The mean peripheral velocity of the wheel is 1,160 feet 
per second. Find the efficiency of the wheel, assuming the exit relative 
velocity from the wheel is 90 per cent, of the inlet relative velocity. 
Assume that the inlet and outlet angles of the blades are equal and that the 
steam enters the blades without shock. * 

& Discuss briefly the advantages and disadvantages of any two of tW 
working fluids used in refrigerating machines. Sketch in outline thfe 
construction of one type of refrigerating plant. • 

4. Air expands according to the law P V n = oonstant. Find an expre^ 1 
•ion for the heat yjded or subtracted during the expansion, L / 
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5. Make an outline sketch of sSrne type of steam boiler and state tbe 

conditions determining the transmission of heat from & gas passing through 
& boiler tube to the tfater outside the tube. r 

6. In testing boilers it is ualial to state the evaporation of the water 
as “ equivalent evaporation ffom $nd at 212° F." State the reason of this. 
A afteam boiler evaporates*^ lbs. bf water from feed water at 50° F. 

•to steam at 340° F. per pound of coal burned. Find the equivalent evapora- 
tion from and at 212° F. if the steam is 95 per cent. dry. (Latent neat 
of one pound of dry steam at 340° F. is 883 B.Th.U.) 

7. Find the theoretical efficiency of a gas engine using the four-i?troke 
cycle, assuming the specific heat is constant. Find the efficiency when 
Jhe volume before compression is five times the Volume at the end of com- 
pression. What is the Approximate efficiency for the actual case of variable 
specific heat ? 

8. Explain how to obtain the brake horse-power of an oil engine. 
An oil engine uses 38 lbs. of oil per hour, having a calorifio value of 
18,000 B.Th.U. per pound. The I.H.P. is 90-8 and tho B.H.I*. is 62*3. 
Find the mechanical efficiency and the thermal efficiency of the engine. 

9. Explain with a sketch the construction of some type of suction gaa 
(producer for use with a gas engine. Show how the vapour is supplied ond 
the gas cleaned. 

10. Twenty cubic feet of air are compressed adiabatically from 15 lbs. 
per square inch to 90 lbs. per square inch absolute. Draw the diagram 
for compression and delivery of the air, and find the work done by the 
engine. Neglect clearance. 

11. Make an outline sketch of some type of radial valve gear and from 
, the dimensions of the gear show how to find the equivalent eccentric and 

its angle of advance for any position of the gear. 

•12. The travel of a slide valve is 4 inches and the cut-off takes place at 
0-8 of tho stroke. Find the steam lap and angle of advance if the lead is 
i inch. Draw an approximate indicator diagram if the exhaust lap is 
0*25 inch and the clearance 11 per cent. Assume the initial pressure is 
70 lbs. per square inch and the back pressure 10 lbs. per square inch absolute. 


October, 1921 . 


THEORY OF HEAT ENGINES. 

# 

Not more than eight questions to be attempted by any Candidate. 

1. Give a general definition of a heat engine. Enumerate tho component 
pai^s of the elementary heat engine, and state what is meant by the “ cyole." 
Sketch the theoretical pressure-volume and temperature-entropy diagrams 
for an^engine using a permanent gas (a) when heat is received and rejeoted 
at constant volume ; (6) received at constant pressure and rejected at 
constant volume. Indicate, m^acli case, in what respect the practicable 
differs from the ideal c^cle. 

2. A gas producer is supplied with coal having a calorific value of 13,000 
B.Th.U./lbs. One ton of coal yields 160,000 feet 8 of gag, at standard 
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temperature and pressure (S.T.P.), wh$h has the following composition 
by volume:— CO* 1>1, CO 11*0, C 2 H 4 A>*4, CH 4 I S, H a 27-2, N a 42-5 
per cent*. 0 Calculate the air required for complete combustion of 1 cubic 
foot of gas at S.T.P., fi and the efficiency of tile producer, the calorific values 
of the constituents, in B.Th.U./feet 3 at S.jJ.P. 'being, 

CO C a H 4 °CH 4 * . 

343 1,078 1,070 296. 

a 9 

Composition of air by volume, 0 21 per cent., N 79 per cent. 

3. Describe the method of sampling the Hue gases <$f a boiler during 

a test, and explain, with the aid of sketches of the apparatus used, the 
method of carrying out tl& volumetric analysis. State what use is made* 
of this analysis in getting out the heat balance, and indicate the different 
calculations involved. 0 

4. Define the “ efficiency ratio ” of a heat engine, and show that its 
value, for a steam turbine, is given by the ratio of the Rankine engine 
consumption to the actual consumption. If the isentropic heat-drop 
in a given turbine is 375 B.Th.U./lbs., and the test consumption at full 
load is 14 lb./kwr hour at the generator, what is the efficiency ratio of the 
turbine, the generator efficiency being 95 per cent. ? ( 1 kilowatt = 1 *3405* 
H.P.) 

5. Distinguish between the higher and lower calorific values of a gas. 

Sketch and describe the complete apparatus for the determination of the 
calorific value of the gas supplied to an engine during a test. State what 
observations have to be taken, and give the necessary equations for the 
calculation of the two calorific values, reckoned at standard temperature 
and pressure (32° F. and 14-7 lb./ins. a abs.). \ 

6. State what is meant by the “critical pressure” in a convergent- 

divergent steam nozzle. Show that, for initially superheated or ctfy 
steam, it is 54-0 per cent, of the initial pressure, the adiabatic exponent 
being l -3. Give a reason for the assumption that, within this limit, initially 
dry steam expands like superheated steam. w 

7. Fresh water is obtained on board ship from a distilling plant, in which 
steam SvapSrated from sea water is condensed in a surface condenser. 
Dry steam from the evaporator is supplied to the condenser coils at 
25 lb./ins. 2 abs. The circulating pump delivers 13,440 gallons of condensing 
water per hour. The rise of temperature of the water is 20° F., and the 
temperature of the condensate is 70° F. Calculate the output of the plant, 
in gallons of distilled water per day of 24 hours. (Total heat of dry steam 
at 25 lb./ins. 2 abs., 1,162 B.Th.U./lbs.). 

8. Give a general expression for the hea£ added to a gas in changing 

from condition P^Tj to P a V 2 T 2 . The compression pressure in a gas 
engine is 70 lb./ins. 2 abs., and the temperature 800° F. abs. The maximum 
pressure, shown by the indicator diagram, after heating at constant volume, 
is 240 lb./ins. 2 abs. The gases expand at this pressure, at the beginning 
of the out-stroke, while the volume increases from 0 , 2467 to 0*2617 ft.*. 
Find (a) th£ change of internal energy during the explosion, ( b ) the heat 
added during the short constant pressure period. Take K =0*19 and the 
weight of the gases as 0*056 lb. $ 

9. Dintinguish between “ cylinder feed " and “ yidicated steam,” and 
show how the latter pan be calculated from an indicator diagram. State 
the assumptions made in this calculation. At a point near release on the 
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expansion curve the pressure is 45i lb./ins abs., and file total volume of 
steam in the cylinder and clearance spaces is 0-2126 ft. 3 . At a ‘point 
on the compression curve the^pressure is 25 lb./irts. 2 abs., and the 
volume 0-04107 ft.*. The cosresj^mding specific volumes of dry steam 
at these pressures, are 9-4 aad 10-2 *ft. 3 lbs. The steam consumption 
Of tile double-actipg engine is .100 lb. 'hours at 150 revolutions per 
minute. Find the ratio of indicated steam to cylinder feed. 

lT). Show from the Tip diagram that the officionev of the constant volume 
regenerative air engfne is the same as that of the Carnot. A Stirling engine, 
with a perfect regenerator, works “between pressure limits of 15 lb./ins. 1 
abs. and 120 lb./ins.* abs., and temp.'raturo limits of 00' F. and 580° F. 
Calculate the thermal efficiency and the compression ratio. 

It. State what is nnjant by tho “ thermal efficiency ” of a steam boiler, 
and the “ factor of evaporation.' During a test of ail oil-fired boiler, the 
steam raised at 180 lb./ins. 2 gauee was 4 per cent. wet. The feed tempera* 
ture was 00° F., and the evaporation 1 1 lbs. of w ater per pound of oil burned. 
The oil had a calorific value of 19,000 B.TIi.C /lbs. Calculate tho efficiency 
and the equivalent evaporation from and at 212 F. Tofhl heat ot dry 
steam at 195 lb./ins. 2 abs., 1,204 94, latent heat 851-72 B.Th.U./lljfl. 
Latent heat of steam at 212 1 F. 970 B.Th.l T ./lbs. 

12. A single stage air compressor has a stioke volume V f > ft. 3 , and tho 
clearance volume expressed as a percentage of this is c,. Air is drawn in 
at p t lb./ins. 2 abs. compressed to o 2 lb./ins.- abs., and discharged at this 
pressure. The law of compression and expansion is F V" ~ constant. 
Find an expression lor the nett work done on the air during this cycle, and 
show that it reduces to the standard expression, when clearance is 
p tieglcctcd. 


April, 1922. 


THEORY OF HEAT ENGINES. 

Not more than eight question ® to be attempted by any Candidate , 

1. Define the thermal efficiency of a heat engine, and state in the case 
of the ‘steam engine, how the heat supplied per minuto is estimated, 

•During an engine, test, steam was supplied at 150 lb./ins. 2 abs,, super- 
heated 120° F., and the tenqieraturo at exhaust was 117° F. Tho weight 
of condensed steam was 36 lb./mins., and its temperature 107° F. The 
weight of circulating water was 1 ,0 1*5 lb./mins., and the rise in temperature 
35° Ji The l.H.P. was 120 and the B.H.P. 108. Calculate the indicated 
and brake thermal efficiencies, and draw up a tabular heat balance. Total 
heat 6f jlry steam at 150 lbs./ms. 2 abs. = 1,199-68 B.Th.U./lbs. # ; specifio 
heat of superheated steam = 0-558. 

2. An air compressor takes in, impresses, and delivers air to a receiver 
1 foot diameter and 4 feet long. The initial pressure of the air in the 
receiver is 15 lb./ins. 2 aDs., and the temperature 60° F.* At the end of 
45 seconds, the pressure rises to 100 lb./ins.® abs., and the .temperature 
to 120° F. Neglecting^ leakage loss, calculate the voluifiS 9t “ free air" 

27 a 
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? 3 r minute (at 60° F. and 14*7 Ib./diyi. 3 abs.) taken in by the compressor, 
akq the gas constant of the characteristic law as 53-3. 

3. In getting cut the heat balance account f<fr a steam boiler trial, 
explain, in detail, the methods of calculating the following items : — 

(a) Heat transferred to th6 water. « 0 

(6) Total weight of flue gases. * 

(c) Weight of air for complete’ combustion. e 

(d) Weight of excess air. 

' (e) Weight of products of combustion. 

4. The specific heat for gas at constant volume is given by, K„ = a -f *T,* 
where a and s are constants, and T is the absolute temperature. If W |b. 
of the gas is heated from Tj to T a ° F., show that : — 

Change of internal energy o 

= w [«(T, - T,) + ~ (T,« - T,»)] B.Th.U. 

During the period of the explosion in a gas engine, the pressure rises at 
constant volume from 68 lb./ins. 2 abs. to 180 lb./ins. 2 abs. The gaseous 
mixture in the cylinder weighs 0*031 lb., and its temperature, before 
addition of heat, is 720° F. abs.- If 12 B.Th.U. is added during explosion, 
calculate the heat lost to the jacket water. Take, a = 0-152 and 

5 = 0 - 000012 . 

5. Describe, with the aid of diagrammatic sketches, the construction 
and method of operation of a “ Uniflow ” steam engine, for a large ratio 
of expansion. Contrast its merits with those of an equivalent multiple 
expansion engine as regards, (a) steam consumption; (b) temperature 
range and its effects : (c) clearance losses ; (d) piston loads ; (e) uniformity 
of torque. Also explain how excessive compression is prevented in this 0 
type of engine. 

6. Describe, with the aid of tho P V diagram, the cycle of the “ open ” 
type of air refrigerating machine. If 1,500 lbs. of air is drawn per hour 
from the cold chamber at 15 lb./ins. 2 abs., and 50° F., compressed to 
67 lk/insr? abs., then cooled to 77° F., and expanded again to 15 lb./ins.* 
abs., calculate the heat taken in and rejected per lb. of air. Jf the input 
to the machino is 25 H.P., calculate the actual coefficient of performance. 
Take the law of compression and expansion as PV 13 = C and specific 
heat of air at constant pressure as 0 24 1 . 

7. State what is meant by the “ missing .quantity " of a steam engine, 
and outline the theories advanced to account for it. Indicate the probable 
effects of the following modifications of the working conditions on the 
missing quantity, giving a reason in each ojise : — • 

(o) Increase of range of expansion. 

(b) Steam jacketing of cylinder barrel. 

(c) Steam jacketing of cylinder ends and barrel. 

(d) Use of superheated steam. 

(e) Increase of rotational speed. . 


8, An engine works on the cycle in which heat is received at Constant 
pressure and rejected at constant volume. Sketch the P V and T 9 diagrams 
for the cycle, and, assuming constant specifio heat, show that tho efficiency 


is given by, 


e 
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where r c is the compression ratio, the ratio of the volume at cut-off to the 
cleamace volume, and y the ratio of the specifio heats. Contrastfthe ideal 
P V diagram with thdMiagram usually obtained from a Diesel engine. 

9. Sketch the combined veJoAty diagram for a stag''- of an axial flow 
reaction steam turbine, assuming e^ual losses in tho fixed and moving 

•rin^ channels, and from it snow that the work done, per lb. of steam, oil 
"•the moving ring of the pair is given by 

. E = £( 2 -^-l)ft ..lb./,ec. 

where u — mean blade velocity in ft./see., and a — * ft do — ve locity 

steam velooity 

6 = exit angle of tl«i blade. Show how the diagram is modified in the 
case of an impulse stage, and gi\o the corresponding expression for the 
work done. 

10. Sketch an arrangement of combined separating and wire-drawing 
steam calorimeter, connected to the steam pipe of an engine. During 
a test, the pressure in the pipe was 120 Ib./ins.- abs., and ttoc lower pressure 
jj,t the calorimeter was 10 Ib./ins. 8 abs. The temperature ot the ste^m 
at this pressure, registered by a thermometer was 208° F. Tho water 
collected from tho separator was 1-0 lb., 7nd the steam passed through 
the throttling calorimeter and afterwards condensed, was 24 lbs. Calculate 
the quality of the steam in the pipe. 

Total heat of dry steam at 120 lb./ms. 2 abs. = 1,195 06 B.Tb.U./lbs. 
Latent „ „ „ „ „ = 882-72 „ 

Total „ ., „ 10 „ = 1,152-48 „ 

Temperature „ „ „ „ — 210-34° F. 

\ Specific lieat of superheated steam 0 48. 

11. Show by sketches of the Hep and T9 diagrams the effect of frictional 
reheat in a steam turbine nozzle, and find an expression for the actual 
quality of the steam at exit, when it is finally wet and the relief is l^nown. 
If the isentropic heat drop in a nozzle is 300 B.Th.U., and the corresponding 
(ideal) quality is 0-84. Find the actual quality when the frictional reheat 
is 15 per cent, of the heat drop. Also calculate the velocity at exit and the 
weight 'discharged per hour if the diameter of the no///lo exit is 0-7 inch. 
(Latent heat of dry steam at 2 lb./ins. 2 abs. — 1,019-72 B.Th.U./Ibs., 
and specific volume = 173-5 ft. 3 /lbs.). 

12. A two-stage inter-cooled air-compressor works between pressure 
limits Pj and P 3 . If intercooling is complete, and clearance effect is neglected, 
show that £he work done on tfie air during suction compression and dis- 
charge is a minimum when the suction pressure of tho second stage i«v 
P, = V^iIV Hence find an expression for the total work done on the 
air.* The standard expression for work done in a single stage may be 
assumed. 
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Claude process for liquid air, etc., 105. 
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Coefficient of performance, 91 ( 
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Rolls-Royce engine. 

188. 

Cycles, ^arflbt’s, 8. 

Clerk or Two- stroke, 145, 

Constant pressure, 61. 

volume, 47. 

Efficiency in, 50. 

Diesel, 61. « 

Joule, 61. 

Otto. 49, 143. 

Rankine-Clausius, 63. 

Efficiency of, with 

saturated steam, 64. 

Efficiency of, with 

superheated steam, 
69. 

Reversible, 12. 

Stirling, 48. 

Cylinders, Campbell gas engine, 168. 

Dorman engine, 179. 

Koerting engine? 173. 

Cylindrical boilers, ,3.30. 


D 

Day two-strqJH engine, 147. 

De*Laval turbine, 240. 

Dfcsigfi # of steam nozzles, 81. 

Diagrams, Temperature- Entropy 
• for steam, 23. 

Superheated steam, 26/ 

Mollier's total heat, 35. , 

’ Variation of pressure and 

volume of steam in a D& + 
Laval turbine nozzle, 240. « • 
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Economisers, Green's, 323. 
Efficiency, Brake, 2. 
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in constant volume cycle, 50. 

in constant volume cycle, Effect 

of variable specifio heat, 52. 

Commercial, 3. 

comparison of ideal with 

constant and variable specific 
heats, 61. 

Indicated, 2. 

of Rankine-Clausius cycle with 

saturated steam, 64. 

df Rankine-Clausius cycle with 

superheated steam, 69. 

— - of reversible cycles, 14, 
Egg-ended boilers, 299. 

Electric ignition, 165. 

Engines, Oil (see Oil Engines)’. 

Gas (see Gas Engines). * 

^Petrol (see Petrol Engines). 

Entropy and adiabatio expansion, 
18. • 

Definition of, 17. 

— — in Carnot’s cyole, 18. 
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Entropy, increase in irreversible prp- 
ceBSes, 43. 

temperature diagram for steam, 

B 23 ' 

f or superheated ” < 

8 steana, 26. 

Constant volume lines ?>n, 

26. 

Conversion from indicator. 

diagram, 32. 

— Conversion from Boulvin’s 

construction for, 33. 

Unit of, 22. 

Equivalent, ‘Joule' 8, 2! 

^Excess air in combustion, 135. 
Expansion, Adiabatic, 10. 

Effect of variable specific 

heat, 53. 

curve, Graphical construction,?. 

1 Isothermal, work done in, 5. • 

Laws of, for perfect gases, 4. 

P V' 1 constant, work done in, 5. 

Explosion ^in internal combustion 
engines — 

After burning theory, 157. 
Dissociation theory, 156. 

Pressures and temperatures 
obtained, 155. 

Wall action theory, 156. 

Valuable specific heat theory, 158. 


F 

Feed water, Purification of, 339. 
Flame, Propagation of, 158. 

Ferranti stop valve, 326. 

Flow of air through pipes, 86. 

of steam through a nozzle, 73. 

Ratio of pressure^ for 

maximum delivery, 75. 

Ratio of pressures for 

maximum discharge and 
# velocity, 77. 

of steam through pipes, 82. 

■ •* — — Effect of elbows, 85. 

Flue gas analysis, 128. 

Flywheel, Dorman engine, 183. > 
Fuel, Calculation and excess air in 
combustion, 135? 

— — Calculation of products of com- 
bustion, 133, 


Fuel, Calorific values of, 124. 

economizers, Green’s, 232. 

Relative vahues of, 124. 

Furnace — Prevention of smoko, 318, 
Meldrum’s, 319. 


G 

Gas engine, Campbell, Bedplate, 167. 

cylinder, 168. 

crank shaft, 168. 

— — cooling water, 170. 

fuel consumption, 

170. 

— horsepower, 170. 

ignition, 170. 

lubrication, 170»^ 

valves, 169. 

Governing, hit and miss, 

165. 

quality, 166. 

Kocrtmg, 172. 

Otto, ignition, 163. 

— Electric, 165. 

Hot tube, 164. 

Flow of, through a nozzle, 67. 

Producer, 219. 

Suction, 226. 

Graphical# construction for # PV rt 
curve, 7. * 

Green's economiser, 323. 

Tests of, 324. 
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Heating up lamp, 194. 

Heat, Latent, 260. 

lost by excess air, 137. 

lost by incomplete combustion, 

137. 

- — lost by products of cdmbustton 
136. 

Total, 260. 

Hit-and-miss governing, 165. 
Hopkinson Ferranti stop valve, 326. 
H.P. of De Laval turbines, 244. 
Hydraulic turbines, 1 25$, 
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Ignition, Electric, *65. 

Hot tube, 164.* 

Otto, 163. < 

Impulse turbine, 234. 

Incomplete combustion, Heat lost 
by, 137. 

Indicator diagrams, Campbell 
engine, ^66. 

Conversion to, entropy 

diagram; 32. 

Koertmg engine, 150. 

Mirrlees, Watson engine, 

202 . 

Otto cycle, 144. 

Internal combustion engine — 
Atkinson, 150 # 

Campbell (,<?ee Gas Engine), 
flkjk, 145. 

Day, 147. 

Dorman (see Petrol Engines). 

Diesel (see Oil Engines). 

Koerting (see Gas Engines). 
National (see Oil Engines). 
Rolls-Royce (see Petrol Engines). 
Vickcrs-Petters (^ee Oil Engines). 
Explosion in, 155. 

Scavenging in, 153. 

General theory, 144. 

Isothermal expansion, 5. 

of air, 110. • 
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J 

Joints in boilers, Caulking, 377. 

Drilling, 374. 

* r Riveting, 370. 

Welding, 377. 

Joule's cycle, 61. 

- — - equivalent, 2. 

K 

ICoErting gas engine, 173. 

• — indicator diagram, 

150. 


Lancashire boiler, 301. 

Laws of thermodynamics, First, 1. 

• • 


Laws of thermodynamics, Second, 2, 

of expan^on, 4: 

Ligfet running gear, Petter’s enginj, 

Lubriciftion, Campbell gasengine#170 t 
— y— De La^l turbine, 251. ** 

Dorrpan engine, 181. • 

Rolls -Royce.engine, 187. 

M 

Marini; boilers, 330. 

propulsiorf, The Diesel encine 

in, 210. V 

the ‘ Turbinia.” 260. 

turbine boats, 284. 

Mechanical stokers, 3 15. 

Vicar’s, 319.. 

Meco ro<jk drill, 120. 

Mirrlees, Watson Diesel engine, 199. 
Mixture strengths for internal com- 
bustion engines, 158. 

Mond gas plant, 222. 

Mollier’s diagram for steam, 35. 

application to 

throttling, 37 

application to 

turbines, 3&. 

Multi-stage air compression, 111. 

N 

Naiional oil engine (see Oil Engine). 

suction gas plant, 226. 

Normand boiler. 358, 

Nozzles of De Laval Turbine, 237. 

Arrangement of 

243. 

Number of, 251. 

for steam, Design of, 81. 
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Oil engine, National, General, 190. 

H eating up lamp, 194. 

Injection, 197, 

^ Starting, 194. 

r Stopping, 197. 

Vaporiser, 190. 

Diesel, Features of, 199. 
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Oil engine, Vickers -Petters, 203. • 

* T light running gear, 


MO. • 

es 

rting Burner, 2#7. 


Sizes ol^OS. 

A — - — starting Burner, 

— w gear, 208. 

. Test ol*206. # 

iOrsat apparatus, 1 28. 

Ofrto cycle, 49, 143. 


PERFORMANCE, Campbell engine, 170. 

— Coefficient of, 91. 

^ — Dorman engine 184. 

Ideal, of vapour refrigerating 

machines, 95. 

r-» ■ Rolls Rovce engine, 188. 

Petrol, Properties of, 175. 

% — engines, Dorman, general data, 


179. 

clutch, 183 

crank shaft, 181. 

-» power curve, 184. 

valve gear, 183. 

R.A.C. formula, 175, 

r- Rolls-Royce, 184, 

— - general, 185. 

— • lubrication, 187. 

performance, 188. 

starting gear, 187. 

Petter’s semi- Diesel engine, 203. 
Power curve, Dorman engine, 184. 
Rolls ltoyce engine, 1 88. 


Pressures in explosion, Theoretical, 


Practical, 1 55. 

flHoucer gas analysis, 220. 

^4 — Calorific value of, 220. 

— plants, Mond, 222. 

— I National, 226. 

Propagation of flame, Rate of, 158. 


Properties of ammonia (NH3), 4#. 
' of Carbon dioxide (C0 2 ), 41. 


-of sulphur dioxide (S0 2 ), 42. 

Purifying feed-water, 339. 


R 

R.A.C. formula for petrof engines, 175. 
Rack, Definition of, 22. 


Rankine-Claiisius cycle, 63. » 

1 eraci^pcy with saturated 

steam, 64. • 

efficiency, with super- 
heated steam, 69. 

compared with Carnot's 

cycle, 68. 

Reaction tprbines, 234. 

Reducing valve, Auld’s, 317. 
Refrigerating Machines, air machines, 
Bell-Coleman, 93. 

Coefficient of performance, 

* 91. 

- machines in practice, 99. 

Reversed heat engine as, 

91. 

Vapour, Ideal perfor- 
mance of, 95. 

Reversible cycles, 1^. 

Rock drill, Compressed air, 120 
Rolls-Royce engine, 184. c 

S 

Scavenging in internal combustion 
engines, 153. 

Second law of thermodynamics, 2. 
Section of wheel of De Laval turbine, 
246. 

Smoke from furnace, Prevention of, 
318. ^ 

Speed of De Laval turbine, 236. 

Reducing gear Do Laval turbine, 

187. 

* Rolls-Royce engine,- 

251. 

Spherical boiler, 297. 

S.S. “ St. Rognvald ' boilers, 333. 
Starting National oil engine, 194. 
burner, Vickers-Petters ehgine, 

207. 

gear, Vickers-Petters engine, 

208. 

Staying of boilers, 379. 

Steam consumption of Do Lava} 
turbine, 247.^,, 

of Parson's turbine, 2 iv. 

Entropy Diagram, saturated 

steam, 23. 

superheated steam, 

. 26. 

Flow of, through a nozzle, 73. 
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Steam, Flow of, through a nozzle, 
Ratio of pressures for maxi- 
mum delivery, 75. 

• Flow of, through a nozzle, Maxi- 

mum velocity, 77. 

nozzles, Design o f , 81. 

StokersJ Mechanical, 315. 

_ Vicar’s. 319. ■ 

Stopping National oil °ngmc, 197. 
Strength of boiler shells, 382. 

flues, 385. 

of mixture for "internal com- 
bustion engines, 15 J 
Strengthening rings, 387. 

Suction gas plant, 22^ 

Sulphur dioxide, Properties of, 42. 
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Te^eratphe entropy diagram for 
saturated steam, 23. 
Thermodynamics, First law, 1. 

Second law, 2. 

Thornycroft water-tube boiler, 359. 
Throttling, application of Mollier's 
diagram, 37. 

Turbines, Curtis, general, 285. 

— efficiency, 292. 

govei nor, 289. 

» — lubrication, 290. 

■ — — nozzles, 289 

De Laval, Applications of, 255. 

arrangement of nozzles. 243. 

balancing of rotating 

parts, 248. 

— changes of velocity and 

pie-saure m nozzles, 240. 

governors. 251. 

Horse- power of, 2 14. 

lubiication, 251. 

— most efficient speeds, 213. 

— nozzles, Number of, 2ol. 

_ resistance due to sunound- 

mg medium, 249. 

— results of tests, 25 1. 

^ Action of wheel of, 247. 

—mr — --speed, reducing gear, 251. 

— Variation of, 253 

Steam consumption of, 240. 

— Stresses in wheel of, 240. 

Parsons’ , general, 203. 

_ — ^admission of steam, 205. 


Turbines, Parsons, Brush- Parsons’ 
generator, 271. 

— comparison with reeipro- 

f >ting engine, 273, 

etiect of vacuum 275 

_ ( governors^205, 

•' — it - lubrication, 26f 
— - relay piston, 208, 

— steam consumption, 279, 

T-ats of, 277. 

use of superheated steam, 

274. 

vacuum augmentor, $70f 

“ Turbinia,” 280. * 

Turbine vessels 284. 

Two-stroke cycle, 145. 

engines, CTerk, 145. 

Day, 147. 

Koerting, 173. 

Vickers- Potters, 203. 
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Valves, Auld’s reducing, 317. 

Hopkmson- Ferranti, 320 

Valve gear, Air compressoi, 119. 

Campbell engine, 109 

Dm man engine, 183. 

Koerting engine, 173. f 

— — Mu i lees, Watson engine. 

199. 

National engine, 194. 

Vapour refugeiating machines, Idea 
peiformance of 95 

in practice, 99. 

Variable specific beat theory, 158. 

— Flfect of, or 

constant 
volume cycle 

Variation of speed of De Laval 
tin bine, 253. 

Vicar’s mechanical stoker, 319. 
Viektrs-f otters’ engine, 203. 

W 

Waggon boiler, 297. 

Wimperis’ formula, 50. 

, Y 

Yarrow water-tube boiler, 356*. 






